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ABSTRACT

Sedimentation of starch in geoperceptive cells of
plants was observed more than sixty years ago and proposed
as the mechanism whereby changes in gravitational stimulus
are perceived. The idea was that there is an interaction
between the sedimented starch grains and the protoplasm
along the lower walls of the sensitive cells, which might
lead to the synthesis or release of an enzyme. It has been
suggested that the highest sensitivity resides in the
cytoplasm along the outer tangential walls of the horizontal
root. The lower part of a horizontally placed root would
thus acquire a higher concentration of the enzyme than the
upper and thereby perhaps a higher concentration of a

specific growth inhibitor.

Experiments have shown that the sedimentation behaviour
of statolith starch under different conditions fits in well
with the geotropic responses of roots under those conditions.
However, the statolith starch theory of geoperception,
although substantiated by much supporting evidence, still

remains unproven.

Since the statolith starch theory was proposed, other
cell organelles have been suggested as the perceivers of
gravitational stimulus. Perhaps the most acceptable are
the mitochondria. Ziegler (1955) believes that the reduction
of tétrazolium salts, which he observed at the lowermost
side walls of horizontal shoots, was located in mitochondria

which sediment under the influence of gravity.



Hertz & Grahia (1958, 1962) incorporate Ziegler’s observation
and interpretation in a theory to explain the oxygen-
dependent potential difference which develops between the
lowermost and uppermost sides of roots and shoots during
fifteen minutes of horizontal stimulation. They propose a

mechanism whereby this can cause geotropic curvature.

Electron microscope observations of root-cap cells do
not support the contention that the mitochondria sediment
rapidly under the influence of gravity. The roots which
do show significant differences between lower and upper
halves of the cap-cells, have more mitochondria in the
upper halves, not the lower. This difference probably
results from displacement by sedimented amyloplasts.
Dictyosomes show the same general pattern of distribution
as mitochondria and are probably also displaced by

amyloplasts as they sediment.

Nemec (1901) observed densely staining lamellate and
granular bodies in geoperceptive cells, which moved in
relation to the direction of gravitational stimulus. He
suggested that the interaction of starch movement with these

bodies leads to geoperception.

With the electron microscope high concentrations of
endoplasmic reticulum membranes have frequently been observed
in root-cap cells in a similar position to the "lamellate
bodies" of Hemec, and it is considered possible that these
structures are analagous. It seems probable that the

endoplasmic reticulum membranes t are displaced byamyloplasts

as the latter sediment.

As a result of electron microscope observations of
geoperceptive root-cap cells, it is considered that the
amyloplasts are still the most likely organelles to trigger

off the sequence of reactions leading to geotropic curvature.
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CHAPTER I

INTRODUCTION

A. The statolith theory.

Generally, when a plant or animal is displaced
from its normal orientation, it will respond by
asymmetric growth or by movement until it has returned
to its normal position in respect to gravity. In many
animals such a response is known to be brought about
by changes in pressure on sensitive regions of the
cytoplasm. For example, certain water animals possess
organs known as statocysts in which the displacement of
movable "statoliths" undoubtedly gives rise to the
perception of the stimulus of gravity. The idea that
similar bodies exist in plants was first suggested by
Berthold (1886); fourteen years later Nemec and
Haberlandt independently demonstrated the existence of
movable starch grains® particularly in the starch sheath
of most stems, and in the tips of roots and coleoptiles.
They postulated that these starch grains have a similar

function to the statoliths of animals, and that the

*The movable "starch grains" are in fact amyloplasts

containing one or more starch grains.



peripheral layer of cytoplasm in each cell containing
movable starch grains is sensitive to the pressure of
these grains; when the pressure on the cytoplasm

changes because of the movement of starch grains

caused by a change in gravitational stimulus, a chain

of reactions occurs leading to the visible growth-response

to gravity.

The statocysts of some animals are directly open
to the air, and it was possible for Kreidl (1893) to
replace the statoliths of shrimps with iron filings,
and then to demonstrate with a magnet the statolith
nature of these foreign bodies. By holding the magnet
above the animal, it could be made to swim upside down.
For the botanist such convincing and direct experiments
are not possible, since the statocysts would have to be
ruptured to introduce magnetic material. However, in
the years since the statolith theory was first postulated,
a considerable amount of supporting evidence has
accumulated, with no convincing evidence to devaluate it,
nor any satisfactory alternative theory. The supporting

evidence includes

(a) the close correlation between sensitivity

to geotropic stimulus and the occurrence of



- 10 -

statolith cells, and

(h) studies in which experimental interference
with the statolith apparatus has brought with it
changes in the capacity to respond to geotropic

stimulation.

Generally roots which are ageotropic do not form
statolith starch (Tischler, 1905), and when organs are
temporarily unable to respond to gravitational stimulus,
the movable starch appears at the same time as the
organ develops the capacity for geotropic response.
Movable starch grains occur even in members of the
LiHaceae which do not otherwise form starch. The
exceptions to such correlations are few: statoliths
have been reported in the ageotropic secondary roots
of Myosotis palustris and Qxalis acetosella (Haberlandt,
1903) and of Pyrola and Pistia (Tischler, 1905) and in
the aerial roots of some epiphytic aroids (Linsbauer, 1907)e
There are also a few cases in which geotropic sensitivity
exists without starch statoliths. For example, the
rhizoids of Ohara are positively geotropic and the shoots
are negatively geotropic yet in neither are there movable
starch grains. However, in this plant GIesenhagen (1701)
observed bodies (possibly crystals) of unknown nature

which moved under the influence of gravity. A few higher
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plants have been reported as devoid of movable starch
and capable of geotropic response. Dahlia and Allium
fall into this category. It was found though during
the course of this present work, that although these
plants do not normally store starch elsevEiere, movable
starch grains are present in their root-caps. Other
reports include the aerial roots of the orchid

Laelia anceps (Tischler, 1905) and the perianth of
Olivia nobilis (Linsbauer, 1907), which do not possess
movable starch and yet do respond to gravitational
stimulus. Such examples are not so easy to explain

on the statolith theory, unless it be assumed that other
heavy particles which have not been detected act as
statoliths in these plants. Calcium oxalate crystals
have been shown to behave as statoliths in the sensitive
nodes of wheat plants (Prankherd, 1920), and it is
possible that other heavy particles exist in Laelia anceps
and Olivia nobilis as well as in the fungi and other

geotropic plants without starch grains.

Besides correlation of geotropic sensitivity with
presence and absence of starch, quantitative measurements
of movable starch have been compared with sensitivity.
Notable among such comparisons is the work of wvan Guttenberg

(1911) who compared the behaviour of Setaria and Sorghum.
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In the first species sensitivity is distributed

uniformly along the whole of the coleoptile, and so
are the movable starch grains. On the other hand,
in Sorghum, where the upper four millimetres of the
coleoptile are most sensitive, the starch grains are

concentrated in the same region.

Correspondence between geotropic sensitivity and
the distribution of starch grain statoliths is also
shown during ageing: ageing brings about the dis-
appearance of both sensitivity and movable starch grains.
When sensitive regions persist as in the "Gelenknoten",
so as a rule do these regions retain their movable

starch.

Such instances of correlation between geotropic
sensitivity and presence of starch could be multiplied,
but the examples given illustrate well the wideness of

the correlation.

The first record of experimental interference
with the statolith apparatus is that of Charles and
Francis Darwin (1880) who cut away the tips (1-1.5 mm)
of roots and observed that no bending occurred if geo-
tropic stimulation followed decapitation. Bateson,

Darwin and Fitting (1888) then discovered that normal
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geotropic curvature occurred if geotropic stimulation
were applied prior to decapitation. From this they
inferred that the root-cap perceives the stimulus.
Such experiments have been repeated many times, but
none of them allows an unambiguous conclusion to be
drawn. Nemec, worried lest the decapitation effect
resulted from wounding rather than the removal of the
statocysts, made several transverse incisions in the
root-tip 1lAhich collectively produced a wounded surface
equal to that created by the removal of the root-cap.
The reduction in geotropic response was not nearly so
marked after wounding as it was after decapitation.
Another experiment which shows that wounding does not
prevent geotropic curvature was that of Tischler (1910)
who decapitated the roots of Sonneratia which have a
well-developed statolith apparatus in the cap cells.
However, the geotropic reaction remained unchanged
after decapitation. Tischler attributed this to the

exceptional presence of a starch-sheath in these roots.

Decapitation experiments of Brauner (1923) and
Anker (1955) with Avena coleoptiles and of Brauner and
Hager (1958) with $ Helianthus hypocotyls are not so easily
explained on the basis of the statolith theory, for

although they illustrated complete loss of response if
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they were stimulated after decapitation, they could
bring about almost normal curvatures by placing
stimulated, decapitated organs vertically in
indol-3-acetic acid. Thus, undoubtedly the extending

zone is sensitive to gravity.

Experiments designed to remove statolith starch
without surgery are also ambiguous since the methods
used to change the starch metabolism might also evoke
other effects which might prevent the geotropic response
Such experiments include embedding roots in plaster
(Némec, 1900); the starch disappeared, and so did
the capacity of the plant to respond geotropically
after the plaster had been removed. Gradually the
starch re-appeared in the root-cap, and with it came

the capacity for geotropic response.

Haberlandt (1902-1903) also found correlated loss
of geotropic sensitivity with loss of starch after
cold treatment, yet plants which had had prolonged
cold treatment but still contained starch grains still

could respond normally to gravity.

Low temperature experiments are reported in this
thesis. In these, low temperatures were used to

increase the viscosity of the protoplasm of the
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root-cap cells. Thereby it was hoped to reduce

the movement of starch and to discover vEiether there
was any reduction in geotropic response by such
treatment. In general the viscosity of living proto-

plasm rises as the temperature is decreased, the rise

becoming rapid as O”G is reached. (Pantin, 1923-1925;

Greely, 1904; Weber, \91b ,; Weber and Hohenegger, 1923.)

Reports have been made of organisms in which viscosity

reaches a maximum at about 1570 and decreases as the
temperature is raised or lowered about this point,

and rises again very sharply at 0°G (Heilbrunn, 1922).
Heilbrunn suggests that the viscosity of protoplasm,

as opposed to a purely physical system, can undergo

"autoregulation”" by the protoplasm itself. Weber has

measured the change in viscosity of the starch sheath

cells of Phaseolus multiflorus , using the rate of movement

of starch as a measure of relative viscosity. His
results show that viscosity is doubled when the
temperature changes from 10%C to O”C. Weber did not
measure the effect of low temperature on geotropic
response. This has been done by Gzapec (1898), Bach
Hawker (1933) and Prankerd (1935). In all cases the
presentation time and the latent time increased as

low temperatures were approached. None of these

(1907),

workers went below 5%G, but Rutgers (1912) measured the
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presentation time for the geotropic reaction of the
coleoptile of Avena sativa using a temperature range

of 0-4070. The most rapid increase in presentation
time was when the temperature was decreased from 50

to 0°G. Apart from Hawker (1933) these earlier workers
did not look at the position of the starch grains in
their experimental material after stimulation at their
experimental temperatures. Hawker, using a temperature
range of 10°G - 40”G observed a rapid decrease in the
rate of starch movement when temperatWores were decreased
below 30°G, and a corresponding rise in the presentation

time.

The experiments recorded later in this thesis

were designed to discover

(1) whether temperature affects starch movement

in root-cap cells of Vicia faba

(2) whether temperature affects curvature of these

roots, and

(3) whether there is any correlation between
temperature effects on starch movement and

curvaturee



Figure 1:

Temperature relationships of geotropic presentation time in
minutes and the average time in minutes for the statolith
grains to fall the width of the statocyte cell (551*%) in

the seedling stem of Lathvrus odoratus. (Data of Hawker, 1935>

recalculated Audus, 1962.)
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Another experimental approach to the statolith
theory has involved the application of centrifugal
force. Reports on the behaviour of statolith starch
in such experiments are not universely in support of
the statolith theory. Jost (1902) found that with
rotation at low speeds Jjust sufficient to produce a
curvature in response to the stimulus of centrifugal
force there was NO movement of starch. The experiments
of Buder (1908) on the other hand support the statolith
theory but his experiments have not been confirmed.
Von Ubisch (1926) could find no general parallelism
between the position of the statolith starch grains
and geotropic perception. The reason for such
discrepancy may well be variation in fixatives. Some
fixatives penetrate rapidly and prevent movement of
cell organelles almost immediately after a piece of
tissue is immersed in it, but otherzgg?netrate slowly.
Since the early experiments of JostBuderand
von Ubisch,” knowledge of fixatives and of their rates
of penetration has increased considerably. In this
thesis experiments are reported in which particular
attention was paid to the speed of fixation, prior to
carrying out experiments to determine the effect of

rotation on the position of starch grains and to relate

this to the direction of growth. Such experiments
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agree with the results of Buder in that they are not

in conflict with the statolith theory.

With such a wealth of physiological experiments
as have been performed in the past seventy years, there
is still not one which either proves or disproves the
statolith theory, although the existing evidence mostly

supports the theory.

An approach to which scant attention has been
paid in the past is that involving cytological and
histochemical techniques: Nemec (1901, 1902) observed
densely staining protoplasmic bodies of a lamellate and
granular nature in roots which had been horizontal,
fixed in chromacetic acid and stained with haematoxylin.
These protoplasmic bodies always occurred at the ends of
the cells where statolith starch is normally situated
(i.e. prior to horizontal stimulation). They appeared
when the starch grains moved from those walls under
the influence of gravity, and were pushed out of
position by the return of the starch grains after
placing the organ vertical again. They then slowly
disappeared. It was this interaction of statolith
starch with the protoplasm which Nemec regarded as
initiating the reaction sequence leading to curvature.

Ziegler (1955) made a study of roots and shoots which
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had been horizontal,to determine whether gravitational
stimulation affected the localisation of reduced
tétrazolium salts after growing the organs on tétra-
zolium agar. He observed that tétrazolium salts

were reduced to their red-coloured form only at the
distal end of the statolith cells (i.e. at the boundary
of the cytoplasm directly under the plastids) in roots
which were grown vertically, whereas in roots which

had been horizontal the reduced tétrazolium was
localised along the lowermost side-walls (i.e. still at
the boundary of the cytoplasm directly under the plastids).
The red colour of the reduced tétrazolium was localised,
he said, in small particles of about the size and shape
of "microsomes" and he suggested that these small

coloured components of the cytoplasm function as statoliths

Apart from these experiments of Nemec and Ziegler,
detailed study of cell organisation in statolith cells
has been neglected. Hertz believes on theoretical
grounds that mitochondria would sediment fairly rapidly
under the influence of gravity, and he uses Ziegler'’s
results to support his hypothesis: but Ziegler himself
stated that the particles he saw were not mitochondria,
but microsomes ("Obes sich bei diesen neuen

statolithen-korpem um Microsomen handelt, wie ihre



Grosse und Form waiirscheirlich macht, konnte noch
nioht endgultig sichergestellt werden'¥*). It is probable
though that by the term "miorosome" Ziegler meant
'mitochondrion”, since in a private communication to
Hertz he says that they are about 1% in diameter and
that they stain with Janus Green. Unfortunately he
does not include the photographs in his paper, but in
the original photographs which were lent to me for a
short time, the particles were similar in size to

mitochondria.

The contention of Hertz that mitochondria sediment
under the action of gravity is included in a theory
proposed by Oholodny (1922). He suggested that
sedimentation or ''creaming” of particles of about the
size of mitochondria would give rise to a concentration
gradient across the cell. He claimed that such
particles would have a negative charge and therefore
cause a potential difference across the cell. This
would cause a migration of cations to maintain electro-
neutrality; the monovalent ions such as , being
more mobile than the divalent ions such as Ca"*"* would
establish differences in the monovalent/divalent ion;,
ratios on the two sides of the cell. These differences

by modifying permeability of the protoplasmic membranes



would finally induce different growth rates on the
two sides of the cell. '"Leaving out of consideration
the plausibility of this shift in ion ratio and the
elaborate theories necessary to explain positive

and negative responses, the theory fails to account
for the non-growing tips being the most sensitive
perceptors; in other words, it fails to account

for the indirect action of the tip in response.”

(Audus, 1962).

B. The geoelectric effect.

Oholodny*s idea of the existence of a potential
difference across the cell is incorporated in the
main alternative theory to the statolith theory,
which for the last thirty years has been favoured
probably because it is possible to formulate a
mechanism for linking geoperception by the development
of an electric potential to the chemical control of
curvature by the unilateral distribution of auxins
far more easily than it is to link the movement of

starch grains with unilateral auxin distribution (Audus,1962)
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Bose (1907) first observed that an electric
potential is produced by the influence of gravity,
between the lower and upper sides of a horizontally
placed shoot- or root-tip. Brauner (1927, 1928)
repeated these experiments and detected a potential
difference across the root after only a few seconds
stimulation. This reached a maximum of 8-9 mV in
about 10 minutes, the upper side of the root being

negatively charged.

The experiments of Brauner were repeated by

several later workers (Clark, 1957; Schrank, 1947;

Jantsch, 1959; Hertz, I960) and similar results were
obtained. However, the use of liquid contact electrodes
led to serious criticisms. McAulay and Scott (1954)

and Wartenburg (1957) attributed the effects observed

to artefacts caused by the electrodes. These criticisms
were overcome by Hertz and Grahm (1962) who developed a
technique in which the plants were not touched by the
measuring electrodes. By the use of vibrating gold leaf
electrodes Grahm and Hertz confirmed that an electric
potential does develop as a result of horizontal
stimulation and that the lowermost side becomes positively
charged. But unlike the previous workers they found

that there was a lapse of about 15 minutes after the



start of stimulation before any geoelectric potential
could be detected, and they obtained convincing

experimental evidence that this lag is no artefact.

In most geotropic organs the presentation time
is considerably less than fifteen minutes and it seems
probable that the geoelectric effect rather than leading
to geoperception results from it. This is supported
by experiments of Grahm and Hertz (1962) in which they
studied the course of the geoelectric potential for
horizontal induction times shorter than the latency
period. They observed a geoelectric potential with
induction times as short as two minutes, i.e. of about
the same duration as the presentation time. In all
these experiments the latency period remained about
15 minutes. Grahm and Hertz found that the geoelectric
effect does not develop in an atmosphere of nitrogen,
suggesting that it is coupled with oxidative metabolism.
This also supports the contention that it is not a
direct effect of gravitational stimulus and it might
reflect the setting in train of differential metabolic

processes leading to the curvature response.



C. The linkage of perception and response>

The concept that the cnrvatnre of geotropically
stimulated roots and shoots results from directed
migration of auxin to the lowermost side has been a
prominent feature of the theory of tropisms for the
last thirty years. It has been shown by Dolk (1950, 1936),
Navez and Robinson (1933), Dijkman (1934) and van der Laan
(1934) , that the amount of growth substances
diffusing from the lower half of the horizontally
placed organ is higher than the amount diffusing from
the upper half. The question as to how these differ-

ences arise 1is still unanswered.

Although the results of Dolk and others seem to
indicate that more growth substance is available at
the lower side, it 1is possible that there is equal
distribution between the upper and lower half, and that
growth substance diffuses more readily from the lower
half. If this is true, it is necessary to postulate
a physiological difference between cells of the upper
half of the root and those in the lower half when the
organ is placed horizontal. This physiological
difference could lead to a difference in reactivity
to the growth substance or in sensitivity to it. The

recent work on maize (G-illespie and Briggs, 1961) has
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established with reasonable certainty that more auxin
is released from the underside of the tip than from

the upper side. There is also direct experimental
evidence of a downward movement of auxin across the tip

(Brauner and Appel, I960; G-illespie and Thimann, 1961).

The downward deflection of auxin has been explained
on a theory involving the potential difference which
develops after the plant organ has been placed horizontal
(Brauner, 1927, 1928). This theory postulates the
downward deflection of the physiologically active anion
of the auxin as a result of the positive charge at the
lower side of the organ. The opposite behaviour of
roots and shoots as a result of the increased auxin
content at the lov/er side of the organ can be explained
fairly easily: there is a supra-optimal auxin content
in roots, and any increase in auxin leads to inhibition
of growth. The increase at the lower side of the root
will therefore lead to downward curvature. The auxin
content of the shoot, on the other hand, is sub-optimal
and growth is stimulated by increases in auxin.
Consequently shoots curve upwards when they are placed

horizontal.
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It is possible that the geoeleotric effect is
incidental to the development of geotropic curvature.
This seems unlikely though, since Bose (1907) was able
to induce curvature in vertical organs by applying a
potential across the organ so that one side was positive

and the other negative. Consequently curvature towards
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the positive plate was induced in roots, and shoots

curved towards the negative plate.

ROOT SHOOT

r?

So it would seem probable that the development
of a p.d. represents an important stage in the sequence
of events between perception and response. If this is
the case, it is necessary to establish what changes
gravity can cause which would lead to such a transverse

polarity.

Hertz and G-rahm (1958) reported a membrane effect
which they claim could link statolith sedimentation with
the geoelectric effect. They discovered that if they
immersed an ion-selective membrane horizontally in a
solution of potassium chloride and allowed a thin layer
of powdered calcium carbonate to settle on the upper
surface of the membrane, a potential difference developed
across the membrane. With 10 # N KOI solution this

was as great as 20 mV. This potential is caused by
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an exchange of G'** and K*' ions whereby the accumulation
of a concentrated solution of potassium carbonate on
the upper surface of the membrane gives rise to a

Donnan potential over the membrane.

McNally and Stuart (1942) discovered that a
similar effect occurs in the balance organs of fishes
in which a calcium carbonate "otolith" leads to the
development of a potential difference across the
surrounding membrane which is closely surrounded by a
large number of nerve endings. Changes in potential
caused by changes in the orientation of the fish are
received as an impulse by the nervous system of the
fish. Hertz and Grahm suggest that in plant cells
organic particles such as mitochondria or microsomes
or salt crystals might act similarly to the otolith,
if they sediment onto plant membranes causing a
difference in membrane potentials. Presumably this
would lead to redistribution of auxin, which in turn

would lead to geotropic curvature.

It is possible on the other hand that the geo-
electric effect is not an essential part of the geotropic
reaction and that the curvatures observed by Bose after
applying a p.d. across the plant organ are not strictly

comparable with geotropic curvatures. If this is the
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case the geoelectric effect in horizontal organs is
incidental to the geotropic reaction, and the
explanation of Hertz and Grrahm linking the statolith
theory with curvature by way of the geoelectric effect

and auxins must be abandoned.

Instead we may try to explain the triggering off
of unilateral auxin production and transverse polar

auxin transport directly from the statolith sedimentation.

It has been suggested (Audus, 1962) that transverse
polar movement could be of the nature of a metabolic
one-way pump, set in action and determined in direction
by the contact of the perceptor particles - possibly the
starch statoliths - on the "sensitive surfaces" of the
lateral walls of the plant organ. Mechanical pressure
of heavy statolith particles on enzyme systems in the
lower part of the cell could provide a metabolic
gradient between that region and the upper half of the
cell below it, which might well provide a mechanism for

such a specific one-way pump_between those two cells.

Most roots and shoots respond to gravity
independently of the side from which they are stimulated.
Since the cells above the horizontal axis produce less

honnone than those below it under precisely the same
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gravitational stimulus, one must assume that either

the sedimentation of the perceptor particles is

different in the upper and lower cells or they sediment

in the same way but the processes they trigger off are

different. In either case the organ must possess

radial symmetry. If there were a difference in

sedimentation behaviour a structural viscosity of the

cytoplasm would be necessary to modify the behaviour

of statolith particles according to their position in

relation to the horizontal axis. There is no evidence

from light microscope studies that statolith starch
depending

sediments differently”on its direction of travel.

The type of radial symmetry which is most 1likely
then, is one based on the distribution of sensitive
surfaces in the graviperceptor cells. These sensitive
surfaces could be restricted to the outer or to the
inner tangential walls so that only the cells below or
only the cells above the main axis respectively would
respond to perceptor particle contact (Audus, 1962).

In the case of this kind of root-tip response the
mechanical pressure of the statoliths on the outer
tangential protoplasmic layer in the cells below the
central axis would result in the generation of more

hormone either by activating an appropriate enzyme
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system or by releasing previously unavailable substrates
present in that layer. The net result would be an
increase in the content of hormone in the cells below

the main axis (Audus, 1962).

Perhaps there is a direct effect of statolith
sedimentation which leads to unequal auxin production,
and an indirect effect which leads to transverse polar
transport by way of the generation of a potential
differencepossible way of discovering the importance
of the p.d. in geotropic response would be to apply a
p-d. to a horizontally placed organ so that the p.d.
which is developed naturally within the organ is
exactly opposed by the applied potential. This might
not give an unambiguous result but it would provide an
indication of the importance, of the natural p.d. in

geotropism.

If the statolith particles are the mitochondria
or some other essential component of the metabolic system,
then the unequal distribution itself would be expected
to cause metabolic gradients laterally across the cell,
thus modifying cell behaviour. On the other hand, the
gravity induced accumulation of metabolically inactive
particles on one side of the cell could either modify

the activity of stationary metabolic particles by direct
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contact or lower their effectiveness by competing
for their space and forcing them to some other part
of the cell# This again would cause metabolic

gradients in the perception cell (Audus, 1962).

The Magnetotropic Reaction. Professor Audus has

tried to check the statolith theory by attempting to
make use of the diamagnetic properties of organic
matter to force statolith starch to one side of the
cell. This involved placing seedling roots and shoots
in a strong magnetic gradient under conditions in which
the effects of gravity were eliminated by rotation at

an optimal speed of one revolution every 2 minutes.

Although strong growth curvatures were observed
down the magnetic gradient, it was confirmed that there
was no significant movement of starch statoliths
associated with the curvature. Unlike the growth
responses of plants to gravitational stimulus, the
growth response of roots and shoots were both in the
same direction in relation to the magnetic gradient,
indicating that the phenomenon of magnetotropism is
not comparable with geotropism. Consequently we
cannot infer that the statolith theory is invalidated

by this experiment.
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D. The effect of statolith sedimentation on the

fine structure of the cell.

The development of the electron microscope
opens up new possibilities in the investigation of
the effects of gravity which may well open a way to
a new understanding of the mechanism of perception of
gravity by plants. It should be possible by this
means to discover the true nature of Némec*s lamellate
and granular cytoplasmic bodies, and to check the
observations of Ziegler. Jtirther, the electron
microscope might reveal other unsuspected changes
following geotropic stimulation. For example, small
particles incapable of falling under gravity by virtue
of their own mass might adhere to heavier particles
which carry the smaller particles with them as they
fall; redistribution of cell organelles such as
mitochondria, dictyosomes, ribosomes and endoplasmic
reticulum should be detectable if it occurs, with !
the electron microscope, providing that fixation of
the cells after treatment can be achieved sufficiently

rapidly and reliably.

Not only is it possible to observe the distribution
of cell organelles which are below the resolution of

the light microscope with the electron microscope.



- 35 -

but it can be used to a limited extent for the
demonstration of the localisation of specific enzymes

or enzyme systems.

The tétrazolium salt which Ziegler used cannot
be seen in the electron microscope in either its
reduced or its non-reduced form. However, it is now
possible to demonstrate the site of specific
dehydrogenase enzymes in plant cells in the electron
microscope using nitro-blue tétrazolium or tetranitroblue
tétrazolium chloride. In each case the reduced form is
opaque to electrons. By this means succinic dehydro-
genase has been localised in the cristae of certain
mitochondria. Perhaps Ziegler's localisation of
tétrazolium reduction was due to localisation of
reducing activity of the enzyme rather than to
localisation of the organelle containing the enzyme.
Such a possibility could be checked by the use of the

electron microscope and TNB or TNBT.

Chapter III in this thesis is concerned with the
electron microscope observations made on unstimulated
roots and roots which had been horizontal for 20 minutes,
i.e. long enough for the root to have perceived but not

to have responded by growth to gravitational stimulation.
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An attempt has been made to analyse the
distribution of organelles in electron micrographs
statistically to demonstrate vdiether there is any
re-distribution of organelles during the initial

20 minutes horizontal stimulation.

Detailed examination of the electron micrographs
was made in order to discover whether gravity has anyr
effect on the ultrastructure of the cell in other ways

than by effecting the distribution of cell components.

The final chapter of the thesis discusses in
the light of the preceding chapters the wvalidity of
the statolith theory and the other theories which have
been propounded for the mechanism of the perception

of gravity by plants.
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of growth
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Fimire 4 : The Experimental Tank
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SCALE: XO-5

glass lid

pad of absorbent
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distorting sides
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A. Plat material admethods.

variety Ieviathen) were scaked for 24 haars in
nImirg, aarated water @Ads 19656). They were
earthaware pots. During sowing oxanmal 1y larce,
small ar wrirkled saaks ware discardd. The saabs

They ware coverad with a thin (@oout S5mn.) laser
of maist sad ad left in a dark, sabharated atmoshere
at 25- 1°C. After two das' growth the seads ware
carsfiil Iy ramoved from e sad ad, kespirg tham
arentated nmonmal 1y with rnespect to gadty, they
ad transferred to the eperimental tarks.

(i) Tre eperimental tark is shoan in Figre 4>

The ss=dlirgs were held finmnly in position by the

d of aotbn woal which was sahurated witth water

ad wadted betweaen the colyledns ad e glass 1id
Two tarks were usad in eech eperiment ad they weare
arrarged ae dbove te oder, each in e metal sodeet
Frarewark of a klircstat.
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It was first used by Ada ad Broatxride 195)).

Each metal sodest framenark holding an
aeperimental tark aculd be rotated adoout a harizaodal
axdis at the sare spesd by a higcle dain ad
electric Karograph motor witth its droiving saft
dark at 25- 1°0. The rotation Ate culd be
tEke aything fran 9 sscars t© 10 minutss.

Figure 5
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showirg root arvabhmre were made using Ilford
Raaid Process Badmamatic plates R.40 O x 11 an).
Only that rermow vertical section of the denber
the us= of a special desion of las ood with a
blackbcard paint all ober parts of tte plate
ramained capletely dark dring ae egpoaure.

A series of rsoondks aauld then be taken an ae
recative by arraging the carera to rotate ina
harizxtal plare thraxgh prescribed agles with its
sare variation in image megiification onirg to a
cantre half of the plate were agles were small.
A vatth was attached t© a lar vertically abowe te
was fran a laterally placed FElectraric flash,
T,Anghflm Press 100 Saries D. It was urecesssary

was arigirally used by Ads ad Broatride ad
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it is described in detail in the BYD. thesis
of MB. Browtriche*

FIGURE 6; Photographs of three roots to show time-course curvature

minutes
horizontal

60 ~0 ~5 no 125 140 155 2.10 xio 36c minutes
horizontal

() Maasurarents. All measumarents of oot !
amrvahre ware mace fran the grotographic plates
using a petrolagical microsagee with a rotating
auld be detechad.

ORIGINAL DIRECTION
OF GROWTH.
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B. Tedmiqes ussd fior fixirg, enbedding, ssctamng
rootcgp calls of Vicia f&a were mede usirng hard ait
sectans of livirgmaterial dessrvad with a

axstibeEnts in eeactly the sare position as they
wvare at tte time of iImmersion in e fative, a
the dsse had to be s=lect=d,

MxbEwar (1941) has shoan tat in greral e
rate of peretration of fixatives into a probein gl
is govarmed by tte laws of diffision. If dis the
distarnce paetrabed, t is tte time ad K a astat



- 45 ..

The anly subostance vwhich has been ford ot to show
a gxeral doediaxe to this egation is camium

Mxdawar'a vahes fir Z are shonn below. The
peretrated in ae hauar.

Iydrochlaric acid 4.65

nitric acid 4.3
fomaldasde 3.6
aetic acid 2.5
meraaric dhlaride 2.2
metharol 1.45
Gramium trickide 1.0
camium tetraxide 0.85
Hicric acid 0.8

Baker (194) lhes shoan by usirg 1does of liver
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axsicderably sloer, prdoebly becarse e lipids

fomaldasde sirce it has a rasasbly high vahe
of K ad cases rwlatively little shrirkape of calls
tetrxkide @aexr, 194). This was rot sslected
becare of its slow rate of penetration ad becase
warrat the expense imurred in using it as a rautire
The addition of an irdifferent salt to the
calciim chlaricde to 45 fomalddyde ansider=bly
inproves the fisation by radxcing shrirkage, @Gaer, 194).
Gmamium trickide frsgqently occors in fisative
mixtures, ad it was decided to try a fixative knoan
as Craf IIT which antains dwanium trickide, acstic
acid ad fonmaldasde.
'z enke r—WithoutRoetic’. This is a good fixative for
q@]a[nc- :II'I:'IJ.EI.CI' sS.
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by desrvirng tte anoxt of stardh-grain movarent
calls rmamaired in a chinp aainst the loser walls
of the calls. If, irstead of maintainirng the

raomal adentation, the roots ware tumed throua™
180° dbout a harizoatal plae so that they were

wsicke don, asd imrersed imrediately in a sloaly
peretrating fisative, movarent of starch gairs

especially in the irmmemcst cells of e tisse.
If the fisative paetrated rapidly, movarent of

in a chnp against the mxdological Iy loser walls
of the c=lls.

anparisn of the fHxad, enbedded ad microbtared
anparism.
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Iv

VI

FIXATIVE

Formaldehvde

Foimalin
(40~ w/v aqueous
formaldehyde)

Calcium chloride

Water to make up

Clarke»s

Absolute ethanol

Acetic acid
(glacial)

P, AtA.

Formalin

Acetic acid
(glacial)

70~ ethanol

F.A.A.

F.A.A.

Calcium chloride

Craf III

Vo chromic acid
acetic acid

Formalin

Water

10 ml.

1 g.

100 ml.

100 ml.

15 ml.

100 ml.

50 ml.

850 ml.

& Calcium Chloride

100 ml.

2 g.

JO ml.
20 ml.
10 ml.
40 ml.

Zenker-without-Acetic

Mercuric chloride

5 gt

Potassium dichromate 25 g#

Sodium sulphate

Water

1gqg.
100 ml.

QUALITY OF
FIXATION

Granulation
and shrinkage
of cytoplasm,
otherwise good
preservation

Good preserva-
tion

Not so well pre-
served as with
fixatives I & II.
Protoplasm was
very granular.

Not so well pre-
served as with
fixatives I & II.

Cytoplasmic
detail not well
preserved

Good preservation
of cytoplasmic
detail

STARCH
MOVETEENT

Not detectable

Detectable
(iC%0) movement

Not detectable

Not detectable

Not detectable

Considerable
(at least 30D
movement
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fomalddyde (Fixative I) o all sdbssgent
HBlfanhar was foord to e sufficient
for fixation; it ro harmm was detactsd when the

s=rial ssctions caild be ait in tte desinad plare,
WEIX.

The salutias for ddydrating were mace fran

Tre tisse was 'dearsd' with a gradsd series
of ethamil/xylal mixhres, ad infiltrated with
ad enbedded in paraffin vax. The weax sslectad
was Qrr's, with ameltirg point of AT, sie

mourted an the mioroctare so et the lag axis of
All sections were ait ak 6 micrn.
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The wax was dissalved fron e sectias an
stepby-step thraxh a series of xylal/etharol
salutions of daoreesirg s3/lol aatent.  They were
then Imrersad in pure ettarnl for 2 minuatss.
StcsaqEntly they were passad tmoxgh a series of
ethaml Aater mixtires of gradnlly decreasing
etaol antert. Fimally they ware imrersad in
waber.

Iodire lgram
potassiim iocdide 2gams
Wab=r v to 30 .

Usirg this, starmch-gains becare bhie-black, te
nclass becaores aace, te nxcleohs becares
yellor ad e gytrtplasn yellorixoan.
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starmch grains ad oder castiteats of te c=ll,
o ttat minimm e stEainwes eperiaxad. Tt
stainirg with iodire was a good conhiration.

Tt r=sulted in bhe-black starch grairs,

Pale green oyttplasn ad dader green a2l walls
adnrlas. Ingreral thaoh tte ssctias wae
st=iinad with iodire sohibion aily, since this was
was sufficiently laxg fior stainirg.
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C. Cxelabion, of rmamal geolpic response with
movarent of any/lcplasts.
There is alweys alagbetween ttegplicationof
tme ad sdkesgeEnt carse of arvabhare of pomary
roots of Vicia &a.

METHD; Saaxks ofVicia f&oa werescsked for
24 hars adgron for 2dss in sad.
Seedlirngs with straidght rooks 23 an. lag were
ware coversd with wet dosarbent cotbon wool ad
left for tmee hars to reocover fron their dace
in eavirament. The taks ware ten ttimed
thragh 0° ad inssrted in the metal sodet
Frarewark of e klircstat.  The roots were then
8 hawrs durirg WAiidh time they ware gotograded
at intervals« The arvabhmre of the rooks was
measurad fran the gobogradhs.



Figure 8; Table showing time course of geotropic curvature
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gically by Figre 9 ad in the Tsole of
Figme 9.

The most sensitive roots started t© regpad
8 haours most of them ware growirg vertically
ormards.

Althaxgh sslection was esrcissd for
the sk after soakirg, ad at the time of
transferring ssedlings to tte eparmental tarks,
a lane nnber of sanples was us=ed fior all sb-
ssqEnt treatments.

The two major parareters of the respose
that have been measured are the reection time ad
the imtial rate of arvahre. A deracteristic
of the response is that the Eate of arvabhure
rEmins mEmy kehly anstant drbirgmost of e
maction, hut tere is sore evdidaxce tat while
reasaebly be axnsidersd t© be a straight lire ae.
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tere is evidaxe in, for irstace, roots IT, IV
main part of its surface hossver, it is prdosbly
a very good gogaradmation to a straidght lire.

as possible of this rake, a ragression lire of
The slagee of tre lire gae tte rate of arvabhre,
while its point of interssction with the time axis,

Tre cxrelation cefficient was r =+40.94
givirg the following ragression:

amvabre = 0.19% x (e inmnites) - 1.359

Hate of arvatire. . .. . .. 0.196 degrees/minute
Reaction time estimated

S HmE

5 e ads 6986 i -

of a dage in gavitatiaral stimihis is translated,
preebly troxgh a ssgqeaxxe of desss, to a daoge
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Figure 9 : Time course of curvature of horizontal

roots. The mean values of 10 readings

are shown with the regression 1line of

90 p curvature on time.
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- 57“

in the ghysidlogical state of the oot leading
to the uegal gmowth of the top ad bothom sides
of the ot.  Acoonding to Larsn (1963) the
fiol lowing pheses can be distingiished in te
reaction dhain:

@ at least ae gysical gease, which e
calls susasgpoton

b s==ml gdysiclagical gasss. The first
Durirg this gase a cartain excitation is
cr=ated. Al:a]ata:stap,a;inecf
site of reaction can freqeEntly be disting-
uished. Still later cares tte r=action

rer, for irstance geotnpic bardirg, ad
the r=action may be followed by after-effects;

Ehyaioal phase Physiological phases

Susception Perception Transmission Reaction After effects
(Reception)

Stimulation
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Not anly are e events coorrirg betwaen
susasption ad arvahure ssparatsd by a latent
It is with the imitial respose which trigers
Pomarily coossred.

If a root is r=tumed from a harizntal position
before arvabire can ke detiected it will arve
placament exsads a cartainmirimm. This

METHD; Stmaidht, thnee-dayald ssedlirgs with
roots 23 an lag were put into the
aeperimental tanks ad rotated an e klircstat
for Shars. Proor to firther stimilabion it was
ford recsssary to rotate the roobs fior at least
3 houirs after trarsferace of the sadlirgs to e
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casd arvahre. After 3 hnowrs of rotation tese
by Figare 10.

GRAPHS TO SHOW THE NECESSITY FOR THREE HOURS ROTATION

PRIOR TO EXPERIMENTAL TREATMENT

TIM E HOURS.

-20 _

NO ROTATION PRIOR TO CURVATURE MEASUREMENT.

ATHREE HOURS ROTATION PRIOR TO CURVATURE

MEASUREMENT.
MEAN VALUES OF 10 READINGS.

Rotation was sttpgped for a definite legth of time
ad then atined. Bobogragds of the roots ware
taken at haurrly intervals for 4 hars ad the o
abhmre of the roots was measured fraom the gotogradiic
sbjected t© 0, 1, 3, 5 10 ad 13 minutes of
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Becare of the wide raxpe of results for eech
stimilation time a lange ninber of results was
cefficient was faxrd to be 40.577 which, althagh
small, is sigmficantly greater then z2=o at the
0.001 pxehility lexel.

e significantly greater then z2=vo it is possible
o == the datla to prdict valies of arvature
from knoan valies of stimilation time, ar to pedict
of stimilation time necessary t© caxse a debect=ble
plotting a ragression lire of time an arvahuare.
Fram this we can get the best estimate of e
Figmre 11 with S anfidaxe leels an eitter side
ragressicn lire with the O arvabure axdis gives the
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FIGURE 11

REGRESSION LINE OF TIME ON CURVATURE TO PREDICT THE

MAXIMUM TIME OF STIMULATI ON FROM WHICH NO CURVATURE
WOULD RESULTv*. PRESENTATION TIME, SHOWING 95«/o CONFIDENCE
LIMI T S.
12
10
bl & - r -
O.I o2 03 0.4 05 06 07

STIMULATION TIME IN MINUTES, (x)
This is rot the classic method fior determiming

Presentation time;  the dlassic methad is to fird

of visible arvabhmres in 85 of the plants used

in e eperiment. Tt is mymal to fixa cartain

dagree of armvabhure tat mst ke readed beftae

e argen is ansidernsd geotgoical 1y arved.

Iarsn (1957, 1960) has criticizad this method.

In eperiments with Artaresia roots e ford tat

small arvatrss were fonmed even in ustimilabsd

rots. The arvabhmrss were yp to five dagresss,

positive ar regative, ad Iarson states that if a
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0" arvabre can alweys be reoordld.  Beoaase of
times ad fran these to predict, by edaspolation,
time, ad it is thernsfore a suitable metihod for
than the time recessary for the movament of starch
gairs as wauld be necsssary an the basis of the
statolith thexy,

ro arvahre enssed was ford tobe 0.4 t© 0.4
the mean vahe beirg 0.59 minutes (se= Figre1l ).

tme is ggorakdimately cxrect, the initial dage o

the first 36 ssoars of stmilation. Ex eaple,

if starch grain movarent casad by a dace in
gavitatiaal stimihis does have a rdle in gaviperceptbion.
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ae wauld egpect to fird et it coors to sare
exbnt drring e first few sacaoxdks of stmilabion,
(i.e. within the presertation time) .

A sscardmethod was ussd to dtain | estimate
of tte presartation from e sare dala. This method
arvabtre measurarents for eech of the stimilation
tmes. This gives a vahe fir sdimilatbion time
above which the arvahre differs significantly
fran z2=r0. The reaults are Sonbelow. They
are also reresentad gradrically in Figmre 12.

Mirubes) Deviation (Degrees)
0.25 0.86i 7.01
0.50 2.07 - 8.50
0.75 2.91 i 7.47
1.00 7.91 + 7.60
2.00 12.50 i 8.0

Fran this table it will be ssen that armvabhmre after
0.”75 minutes of stimilation is not sigm ficantly
larger tten O, but that after 1.00 minutss of stmilatiaon
the | is siomificent
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Table for prediction of curvature

showing 954

(time)

©O O 0o © o o © o O O o

N B R ROR
o
o

.00

confidence limits.

O o L1 A B W W N B B B O O

Upper
limit

.3159
.8535
.3250
.6840
.9681
.5584
.1810
.8462
.5611

.9391
.3273
.1376
.9816
.1795
.4492
13.
l6.

7468
0620

yo
(curvature)

o o ©O

RoR

N B O Nd oo W W DN DR

.3980
.6801
.0378
.3967
.7556
.4735
.1914
.9093
.6272
.9391
.3450
.0629
.7808
.5755
.3702
.1649
.9596

(y)

at known time

Lower
limit

© 00 Jd 0 W W W DN R

.1119
.2137
.2495
.8906
.4569
.3886
.2018
.9724
.6933
.0331

.3627
.9882

.5800
.9715
.2912
.5830
.8572

(x.)
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FIGURE 12 :

Graph illustrating curvature of roots four hours

after stimulation periods of different duration.

The fiducial limits (2 x standard error) are shown.
The regression line of curvature on time is also shown

STIMULATION TIME IN MINUTES.



is o inFigre 2 . The rgression
egqation is arvabtmre = (7.177 $ tme in minutes)-1.5880
at a ko time. After 0.5 minutes of stimilation

B of the rooks wauld be expect=d to amve
within the raaxge of -0.46 ad +1.97 dgr=ss.

After 0.4 mirubes of stmilation the arvabre

wauld preebly be between 40.30 ad  42.56 dagrsss.

(On this kasis tten, ae wauld estimat= e
Presentation time at betwaen 0.3 ad 0.4 minubss.

Treatment of beens: Seadlings with straight roots
2.53.5 an. lagwere sslected ad inssrted ina
perspex seedlirg holder (Figre 13). After an
haar's eqiililyation the bears ware timmed =o
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time, marked con the ypenmost: side with Trdian drk
ad placed in a fommalin fixing hath vhile still in
a horizmtal position.  Iagitidinal sections of thick—
rness 6 micron were ait, ad the distribution of stsirh
in the moot-cp cells was determined in the fllowing vay:

Vlith a grd gatiaile in the eggpiece of a mooaalar
microsape, the bean root secton was adentated at
low megnification so that it lay with its lag ad
shart aes axrespading with the two aes of the

gatiaile.

The rootcgp calls ware then dossrved using a %40
dojective. CGouaits of eech c=ll's starch dist—bation
were mace by arraging the slide so tat a lire an
the gmatiaile hissctad e a2ll lagihdirally.

Sare of the an/lcplasts overlagped e lire of e
distribution of suxch an/laplasts, the aes which were
more an ae side than the other ware necordad as belaxging
When it was diffiailt to decide to which aide a plastid
belaxad, it was recondad as belaxging to both sidss.
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Figre 13> Boogreah, of the perspex ssedling holder.

Each s==dlirg was fized by its coy/ledas
an the three pins in the perspex "battlarents'' across
perspex "tattlarents’ aould be rotated throxgh 0° o
position to a position in which the lag axis of e
holder was such that the rooks ware easily acoessible



Figre 14. Brotmicrogragh of the moot-tip of Vicia fa
after 10 minutes of horizntal stimilation.

The oot vas fised in firmalin sohition, sectioned at

6 micron ad stained in iodine sohution.  The section

vas ait in amedian lagitdiral gae.

»k
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Figure 15»
@ Bobtonmcrograph of roobtcgp aalls of Vicia =,
Fised in & 14 Ihation, i | lagitidirally

i'"«H .

O Botonicrograch of root-cgp calls after 10 minuates



Figure 16; Diagram illustrating movement of starch in the

root-cap during horizontal stimulation.



DIAGRAM TO ILLUSTRATE THE EFFECT OF HORIZONTAL
STIMULATION ON LATERAL DI5S5TP IBUTION OF STARCH
IN ROOT-CAP CELLS OF VICIA FABA.

FIGURE 16
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cocanrred durdrg the preserntation time, A di-—sgqare
t=st gpliad to the starch cornts mace an tre two halves
of roobt—cgp calls showad tat e assupbion tat
anwlcplasts are eqrally distribubed between the two in
ustimilated roots is a reasaeble ae. In doirg a
diisgqare tests an the results firan roobs which hed
was mecke tat the an/lcplasts ramaired egally
assuption is camect, dhi—sqare sauld be egnl to, ar
less tten, 6,44 at e 0.01 l=el of sigmficarxe. Te
t=hle of results is sown cexrleaf,

Far all tte cants mace an harizontally stimilated
roots tte vahie of di—sgEre is greater then 6,4, <o
ar hlypothesis that tte an/cplasts are egally distriba-
t=d is rot r=asaeble for any roots exaspt those which
herve rot been stimilated. Movarent of an/laplasts to
the lower side of the a=ll coors to qite a lane edEnt

Ths it has been shoan that e rate of an/laplast
movarent in the roobtcogp cells is sufficiently great
t© ke respansible for graviperncepbtion; e time taken
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Table illustrating the effect of horizontal stimulation on the

position of plastids in root-cap cells of Vicia faba

Minutes of Wo. of ceils Total number of plastids Chi-square

horizontal  observed and [ ) wer half In upper half

stimulation recorded of cells of cells
0 60 377 359 3.54
l 30 195 121 8.66
3 60 568 152 120.18

I 30 215 80 30.89

1 60 474 207 52.34
1i 60 578 230 74.94
2 60 428 182 49.60
; 60 504 144 100.00
4 60 511 155 95.15
5 30 319 147 31.74
6 60 582 187 101.45
. 30 206 52 85.54
8 60 550 104 152.08
o 30 257 37 101.20
10 30 330 21 137.00
13 30 400 16 177.23
» . 30 267 5 126.18

15 60 528 21 234.11
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for ansiderable an/lcplast movarent to ooaurr is less
ten even the shartest estimate for the presantation
tme, ie. ggxadmately 20 sscads.

istter, an the basis of the statalith texy, te

D, CGxrelation of the direction of growth of rooks an
a klircstat with the position of anylcplasts.

By rotating rooks an a klircstat Iarson (1957) has
prodction of arvabtres ad aanssqently the
relatively high welocities imagular arvabhmes are
fomed, i.e. axrvabmss rot irdxroed by te gavita-
Hadd, stimilus. A arvabhre alresedy irdosd will
ad the roots ramain straigit. Iarson cachres
that "the effect of rotation an e direction of
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growth of roots dgpards an tte megnitire of the
with increasing rate of rotlatbion.” GxnesgeEntly,
frealy, i.e. withut gavitaticomal stimili, ae
hes to rotate the roots mather swiftly; Iarson
'Ar this speed the centrifizpl e is regligible. "

In tte fllowing eperiments a rather sloser
todk 11 minubss. At this spesd it was even safer
ad, at te sare tme, the Eate of roblation was

staidght roots 23 an. lag ware usad. They ware
puat in the eperimantal tanks ad rotabed for
tree s, Rotation was then stoggped o
15 mirutes ad then caatined.  Bobogregds of e

experiment.
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tme ar lager, ad tten cantined, tte root
respads after 20-30 minutss to e st statbiaary
stimilis by positive geotnpic arvatre, ad then
ilTustrated by Figme 17,

GRAPHS TO SHOW THE EFFECT OF ROTATION AND OF HORIZONTAL

STIMULATION FOLLOWED BY ROTATION ATONE REVOLUTION PER 90

SECONDS ON THE DIRECTION OF GROWTH OF V.FABA ROOTS.

ROTATION STOPPED.

40
n
W 30
20
-1 1Q
TIME SINCE BEGINNING OF STIMULATION— HOURS.
-20 YRR X ROTATED CONTINUOUSLY.

* , ROTATION STOPPED FOR
15 MINUTES AS INDICATED.
MEAN VALUES OF 10 READINGS.

(i) rre effiect of rolation an amylaplast distribabar®
CGaroxEn'bly with thésd eparmexnds detamming
e effect of rolEation an arvabhre, more bears ware
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treated in a similar way ad fixed after varias stacges
of an/lcplasts. It has already been son (s22 Figre16
e ) that all the an/laplasts of a statogyte 211
the lower side of the statogyte duarirg tte first =220
shoned that during 15 mirutes* harizontal stimilation
following 3 haorxs' roation all tte an/lcplasts
movarent of the an/laplasts in the gytoplasm ad an-
sqeEnt dummirng of the gytrplasm has o ggaeci=ble

SiceaqEnt to harizontal treatment sare bean roots
intervals. ZAny/laplast cants mede an these roots
stimilation, until they were randnly distrilbabad
diagram of Figure 16.



Figure 18; Diagram illustrating movement of starch during

rotation.



DIAGRAM TO ILLUSTRATE REDISTRIBUTION OF STARCH GRAINS IN

ROOT-CAP CELLS OF VICIA FABA DURING ROTATION ABOUT THE

LONG AXIS OF THE ROOT SUBSEQUENT TO 20 MINUTES IN A
HORIZONTAL POSITION.

FIGURE 18
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These results show ro discrnesparcy with e
stimilation is follosed by arvabhre, wile the
direction of e aes of woatian> The tme
illustrated in Figre 19> After aboat 20 minuatess
of rotation following harizaois i, stimilatbion, the
statnliths are agpinmore ar less unfomly dis-
trbuted in the cells bat arvahre goes An fix
a firter 2?7 haxs. 'This sggests that te
stimilis axe perceived is rot easily r=versible —
it does rot harve t© be maintained fir arvabhre to
anly cares aoout when e stakoliths achally
artact the gposite wall which in tum inplies
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eperiments of Hawer (1932) on plants which ehikit
physiclogical zygarophy in regard o respase ©
the gravitatical stimilss, in tat the respon=e
seedlirgs of Inpirus palydsAlus stimilated a 20°C
with the plare of the cobledrs harizntal, the
minimm preserntation time of the ooyl is

20 minutes, whersas when stimilatsd with e plae
of the acoy/ledas vertical, the mirimm presentation
that in ssedlings which beherved in such a way e
statooytes are rot isodiaretric in tasverse sscbom,
will fall on a smaller area of probplasm ten they
wauild if stimilated in a plare at right anfes,
while they will an e averace trasel troxch a
lager distance ad so take laxger to nsaech e
layer of probplasm at telase of e a=ll. Inall
2ll of e staknliths an to the greater area of
Proboplasm takes place when e saadlings are stimilated
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e ford that e presentation time of Sdeagam
stams is as lag as 1" hors. Carespadirgly he
ford ttat an/loplast movarent is ramarksbly slow
@S /haar) . Ths the presentation time acaxyespads
raghly with the amarnt of tme taken for e
stataliths to acomilate an the lovemmost sides of

te stabtogytess.

E. Carelation of the effect of tanperatre an the

rate of movarent of an/lcplasts with its effiect
If it is tne tat the movarent of an/cplasts

acrcss the root-cgp aells reaulting firam
re-arientation of tte root with respect to garity,
is respasible fior graviperasption, then the plant's
aaility to parceive ad sdssqeEntly regood t©
gavitaticaal stimili shauld be effiectsd by a dace
rate is partly dgpoadent oan the viscosity of the
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for irstarxe for the gytrplasn of awdeee ad oder
potea. It is also tne for the gyrplasm of
agys of Ner=is ad for the prolcplasn of the starch
sheath cells of Passohs miltiflaus. The

ad taperatre is by romeans a uinfom ae, Rx
sare tpes of proboplasn e visaosity does ot
decr=ase ragularly with rise in tarpaerabhre.

been shomn t© ke tme of e gyttplasm of statoo/tes
of ILattyms odxahs (Hader, 1933); between 10°0
ad 408C visxsity as measured by te rate of
movarent of starch uder gravity, decreasss as te
tarperabhre is rEissd to 0BC; it ten incnsasss
as 40°G is ggxoadted. Gorparding this effiect of
tEnperabre an starch movarent with the effect of
tanperabre an the presentation time for lattymss
ocdoratus, Hawker foud a ramerkable similarity
betwaen e two effects (ss=e Figmre l, e ),

The relatianship that exists between present—-
ation time ad the =t of novarent of starch ad
betwaen the effiect of tanperabire an the rate of
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doaired if a sty of the effect of low tenperatres
an the movarent of any/laplasts were carparsd witth

a stdy of tte effiect of low tanperabhre an

of te effect of taperabre an e perasgpotion
Proasss fran its effect an the slssqeEnt staces

of e respee.  Prvias wadkers leve garerally
fard the effect of tanperabre an e wole of

tte arvabhre poesss, ths;

This method of attack does not prechre effects
sdeagEnt o stimihis percsption ad thensfiore
aild ke most misleading*



- 85 -

In an atbanpt to nestrict the tapaeratre
the fallowing gogorcach was used:

O/-* A ROOM

X G TEMPERATURE
The idsal method wauld heve been o fird e
taperatimes ad stimilate the rooks for e
then transfer e roots t© roon taperatire ad
raod e arvahre abd=iredf This wuld be a
tediass method ad wauld take a great deal of timedt
The results however wauld be of great vahe ad

The Effect of Tanperabhire an the Movarent of Starch,

METHD: Taperabwes of 1,2,3,4,10 ad 200 wee
wad.  Staidght thmee-desrald mooks of
2.03.0 an. lag were sslected ad put in e

a vertical position at the eperimental tarperabtre



befye ey ware timead troch 9B so et they
were horiztal .

After 15 minutes they were fixed, dehydrated

and embedded.

Iagitidiral median sscHas six thick were
was recoaEd as described preriasly e 67) .
Fxr eech tenperahire the ninber of starch grains
in the ygoer ad lower halves nespectively of
0 calls was rcordd, ad the stadiard dsdation
for ygper ad loser halves ssparately was acaladlated.
The r=aults are ilhstrated in te t2ole cerleaf

ad in Figmre 20 e ).

leeds to axsiderably less stanch grain movarent
15 minutes

at 1°C b ot diffir significently from roots vhich
hese rot been stimilated at all.
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Table illustrating the effect of temperature

87-

on the movement of amyloplast8

TREATMENT

CONTROLS

horizontal

horizontal

horizontal

horizontal

horizontal

at 0°cC

at 1~0

at

at 440

at20°cC

MEAN NTMBER OF AMYLOPLASTS

In
half

6.05

6 .x6

6.42

7.59

9.18

lower

of cell

i

0.32

0«40

0.32

0.32

0.34

0.

68

In
half

5.65

5.00

5.94

4.48

3.59
0.70

upper
of cell

~ 0.30

i 0.38

i 0.32

- 0.28

- 0.24
i 0.26

DIFFER-
ENCE

BETWEEN
LOWER &
UPPER

0.38

0.48

5.12

8.48
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Tre Effect of Tarperahre an Arvabhure.

MEIHD: Staidght rooks 2.0-3.0 an. lag ware

They ware left in a vertical position at te
eperimental taperatre fir ae lor, ad tten

the taks ware imred tragh OB so that e roots
ad then transferred rapidly to a rotatirg klircstat
at roon taperahre. They ware gotograded as

som as they ware an tte klircstat, ad ten at
harrly intervals fir 4 hors.,  Stimilation terperatmes
aof 1,2,3,4,10 ad RC were usad. The meen vahies
ad tre stardard deZiatias fixr ech of the tenperabres

ware aalailated ad they are raresentsd by Figre 24BoE9™.

The r=sults of this eperiment sow that
taparabhres ismaxe or less prevatsd. Ak 18T e
arvahre is ot sigificantly different firom e
amrahre edibited by an ustimilated ot At 4
e arvahre is arsiderably grater, hile at 1080
at 20°C.
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oer tte Rae of Tanperatires»>

Tt has been shoan ttet even after 15 minutss
horizatal stimilation at 1 ar 2°C e oots did
rot arve at roon tarperatre reither did the starch
increasing tanperabimes the dagree of arvvature
increassd ad, conespadirgly, the poopartion of
starch grains which moved duarirng stimilation, irncnsassd.
Figre 20)

pevicss waders that the low tanperatire is
incidenial o, ather then fimcbaeal in, e
redrtion of respose, is far less gplicsble t©
these present reaults sirnee they ware dolained by
low tanperahre treatment dring stimilation, while
shegeEnt arvabhmre coorred at roan tanperatime.
Inmrediately after tthe low teanperabhre treatment.

s a reault of this, both starch grain movarent ad



8ad geotnpic response at different teanperahres
wvare macke usirng presartation time as ameasure of
geotnpic regpoanese, virdicate ttat low tarperabre
pPrevents perasption rather than the traramission of,
ar r=actHo to, te horizntal stmilus.

Photomicrogaph of root-cap cells from a root which
had been horizontal for 15 minutes at 10»

o°

APEX GRAVITY
P S
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The effect of temperature on the

movement of amyloplasts and on
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20
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Duration of rota-
tion since stimu-

lation
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Mean
curvature
- degrees

.25
1.38
.58
2.00

+ + 1+

0.09
1.74
2.97
4.21

++ +

+ 4+ + +

~.80
+.40

2.S.E.

2.096
6.501
6.01

5.54

1.424
2.446
2.986

3.614

2.208
2.908

4.844
6.08

1.669
2.493
3.417
4.403

1.602
3.865
7.080
9.723

1.491
2.704
3.790
5.622

1.806
2,933

4.373
6.264

1.783
2.902

3.336
4.476
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CGRPIER I1T

EIFCTRON MICRCSQCEE, (BSERATTONS

A. Prarative tedmiqgqes fior electron microsayoy
(i) Fixati

(i) Debwcraty
(\V)] Mi.cmtmesad:am:g
the specimen
g adl%ﬁ.tgﬂesd:as
() Stainirg the ssctias

B. The electron microsagpe.

C. Enotograddy.

D. Gllilyation of the electron microsagpe.
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B @@®O Ealeton of fisation ad ededding of material

F. The ultrastnchmre of e roobop aalls

G The effect of gavitatbiaral stimilis an the
ultrastnchmre of e rootop c=lls.
method of recording distribation of
(a)ce'llcc:rpaem
b methodks ofstatistical amlysss
© ==aults cfstatistlcala:alyses
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A. Prparative tedniges for electron microsagoy.

Tre tedmiqges of fixirng, ddxdating ad
Prerarirng sectians for 1ight microsaypy, hut modifica—
Has are necsssary at eech stacp of e proosdire
ad electron microsagpes.

Tt is pessible to desrve mxh firer stnchmes
microsaype ad these mast be presarved witthoutk darece
microsapy were used ad it was freqently ford that
the specimen was daraged in a way that was ot
detectable using e light micresape. It is recessary

The first criterion is egally gplicble t©
mcorosapy. It irmalves a aaparison of the specimen
after fisation axd enbaddirng with a living specimen
at tte lesel of resolution of the dase caitrast
usirg a light microsape, it is unlikely et e
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A Jess dojective gpxoach, ad ae which is used
most freqeEntly for assessing the qality of fAxation,
Such a Judarent inchres sxrh ariteria as e
hexe been fixed eactly as they ware in the living
call, the presance of discontinuaities ad enpty scacss
enbeddirg procedires is Inportant.  Saretames a
meciim.

fAirly recently camum tetraxkide solhution has been
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acpbd as the most wseful fsative. It is sgll
reganEd as suach for the amimal tissues, bat for
pPlant material potassiim penmmarcgerate is a good
alt=rrative.

Althagh in sare feabhres MON-fixed plantcells
antrast sharply with GOMfixed plait calls, the kasic
te two foatives. This similarity ssrves as a

first ad most fregqeEntly used was mettecrylate which
is extyamely carvenient to use hut it srirks an
was radxed by usirg partial ly polyrerissd methacrylate
Sgraraskas, 1944) .

The other enbedding material usad was Faikote 812,
This shrirks ansiderably less, hut is more diffiailt

anpaents of the plant aall is different as a result
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of fixation, staining of the sections 1is not necessary.
However, it is sometimes useful to use reagents con-
taining metal ions which increase the contrast of the
sections, ?or example, uranyl acetate used in conjunction
with OsO” increases the contrast of the cell components

and makes the ribosomes clearly visible,

(1) Preparation of material for fixation.

Osmium tetroxide penetrates slowly and it is important
to fix as small a piece of tissue as possible so that
the material is brought into contact with the fixative
as soon as possible. Little more than the root-cap

was fixed with this fixative.

With potassium permanganate, on the other hand, it
was found possible to fix much larger pieces of
tissue. This made orientation of the material
easier. For example, if the root had been horizontal
during treatment a portion of it could be cut away

to act as a guide to the orientation of the root
during treatment, A convenient shape was found to be

as shown below:
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D axaid re-adentat!an of aall anpoents dring
peetration of the fisative, the sare ardentation
uitil e ad of fisation,

Wilkinson Swaord ede bladss were ford most

(i) Fisation.
@ Wwith potassiim permargaate; In axder to
permrarceate, tmee fachoars ware taken inbo

acoNTE
tHed mentyares ad dis-
trlace of the g/oplasm
1. Coxentaa- w/ir 28
tiaon of
ot
2. Iegth of 2,15,30 ad 30 minutes
time of 60 mirutes
fisatbon

3. Taper- 2°0, 20°C No cetect=hle differance
abure of
Hxation
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Since there was ro detectable differarce betwaen
material fixed at 2°C ad that fised at 20°C it
at 20°0, this being moe cavement.

b With caniim tetraxkide solution; With this
fFxative it was recessary to discover e
fallowing fackars:

B

torricity
tEnperatre

0" anceEntration

L s L NH

with 25 camum tetmxide @A) saluHon baffered
with acstate~eraal to fH 7,4. B foud ttat
there is a greater progoartion of well fixad tsse
qantdty 0,015 g./l. He fixed his specimens
fir Vmintes at 0 - 4C. Rxrter adMxdadbd
() baired goad fixation of arion root-tips
using the method of Caulfield, Becamse of its
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this method eactly, using root—tips of
2s a result of this method reasareble fisation
of rootcgp calls was dot=ired, ad the tedmige
pana‘tl.a' ) SN
enbadied in either mettacrylate ar in ooy resin,
ddydration is recsssary.  Ety/l aladxol is miscible
witth methacrylate moorers ad with Foon 812, ad a
grxiEd s=ries of this aladol was usad for ddydration,
dhydration was anpleted as rapidly as possible.
At Jesst in the early stages, ddydratbion was carried
ait at rear z2=o tarperabhires for the sare r=asm.
was ddydrated by passing it tmogh a ssries of
gxerally used was 0,20,50,70,90, ad 95" aladnol
allowing about 5 minubes in each bath folloed by
0 mirutes in eech of 3 darges of aosohute aladal.
After sare eperiments it was decided that better
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alcdml was added doopby-dnop so that the maberial
was rot sibjected to suxch vidlent dageslt Because
of this Inprovarent in results a gradient ddydration
sxtEn daxces of aladxl axtent which were
suspected of casing daege o e tisse wen te
step-by-step method of dAydration is st The
tednige was kassd an tte 'Gadiant Elubion' method
d=elcped by Kellie, AB} ad Wak, AR @iodad J#,
1957) &, 1¥) fr cohimn droatogradyy. The
Jramats is shoan in Figre 24 designed onA budt
ot me B wa b, umieeree

were aarried aik at 0 — 40 Wen e tisse to ke
aenbedtied hed been fised, it was placed an e glass
woal phxyg in the tm=atment denber with exagh
de-ianisad water to cover it Agoxkimately 10 misl
of de-darissd water ware then nn quidkly fiom e
denber t© cover tte tssae, tsp O was clcsad
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Figure 22: Apparatus for gradient dehydration.

SIPHON BULB
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TAP C
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then in salt sohibdians, (Rase, ISH)) . Alt=rratively,
staxdard veraal buffer solubion, poscarned as for
canio &aid, was usad.

the mixirg-denber, ad 120 mis. of alcdxl were
valime carteEracts the effect of the differarce in

The electric motar was then switded an o
was anpresssd ad released o that water ad
alcdxl ware dran into e sigm. Tgp A was tten
clcesd. T5p B was goared fuilly ad t9p O was
ddjusted so that liqud left e ggoarabhs ak a ate
of ggradimately 0 dogpes aminike.  Air hibles
ware then releassd fron the part of the gocarahs
betwaen the tr=atment Genber ad the mixing denber

by aplying pressure to the palythere tile.
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Snith (1998) shows that when the r=servair
ad mixing denber are of egnl diarster, then, if
ech, tte solubi leaving the mixing dhenber
shoas a linear irncrsase in caxentration of et

ligrid as it did arigirally, it wes assmed that it
antairned 50" aladol ad 0" wvatker. This is a goad
stacp to tansfer the gooarahis t© roon tanperatire  (20°0) .

As som as e ressrvair was arpty it was
recharged with ggoradimately 20 mis. of dosohite aladxal .
Wen this had nn thragh t© the t=atment dendoer,
denber, ad the mobor was swittded off. When e
mixing denber was enpty again, a firther 10 mis, of
dosahite aladol were addlad. DaEydration was then

as a fisative. With this fisative the material did
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rot suffir noticeshly if the tisseblocks were
pessed throch 20, 50, 75 ad 963 aladhol with
anly 3-5 minutes in eech kath, ad then passed
throgh 3 denges of absalute aladal leaving them
for 30 minubtes in ech.

@ With methacrylate: Esters of methacrylic
acid are prodixred amrencially for the manufiac-
tue of Respex.  They are also availddle for
enbecHing hiclagical materials fior elect
mcrosapy.  'The moorers are aolaadess liguds
of low viscosity vhich will polymerise to fixm
Clear perspex when stbjected to ultra-viclet
irradiation ar to heat.  They are siyplied with
a hydroquinore irhibitor addsd to prevent

by washirg the methacrylate with an ageas
salutHion of NeCH untH1 the NCH aeasss to be
dismilaurised by hydroquinoe.  The rethecrylate
mst then be washed of all traces of NCH with
o electrn microsapy &y, D., 1961, Rase, D.OK
1960).
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Methecrylate moxarers e aanpletaly sohible
in ethaxl ad acstore ad pasetrate eaasily

Tre hardness of the firal block fonmed
sare as tat of the specimen by a suitable
dxice of e pryportias of nhuayl methacrylate
ad metty] methecrylate in e adgiral moxarer.
Ralymrerissd nuatyl mettacrylate is qiite soft
axpared with the hard plastic fonmed by the
palyrerisation of methy/] metheorylate. A
mixhme of moxareric ntut/l meteacrylate
ire parts) ad mettyl mettecrylate (@2 part)
palyrerisss to foom a block suitable fior rook-tips

Ralymerisation can be lnought aoaut by
aiding a catalyst knoan comercially as
"Iipernco AB' (2,4-dichladberzoy] peraxkide with
a plasticizer, dibub/l pghtalats). TBo per aak
Inperco B was atied to the mixtire of
nhuab/l ad metty] methecrylates. This braght
doaut polyrerisation overright at 60°0.
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Procedre for enbedding in methacrylate;

After the tissie had been tharaxghly dadsdrated
the mixhre of methacrylates with aied catalyst
was added dopbydnop to tte firal dae of
methacrylate. The tisse was then transferred
amixtme of egal gqentities of mettacrylate ad
celatin capaules with a sallow layer Gmn. dasp)
of palyrerissd methacrylate at the botbon were
blodcks ware then transferrad to cgpeaules ad
arentated as desirad.  The fiill agauiles ware put
in an oven at 0°C ad left for the methacrylate
o polyrerisa.

The ssttbing of mettacrylate is uvesven ad
accarpaniied by a lane shrirkage (p o 200).
CxreaqeEntly e specimen may ke daraged dring
by the atdition of 0.01" =yl nitrate to e
maarer @(Erd, 1958) ad by tte us= of ultra~sialet
methecrylate, ad by usirng partial ly pre-polyrerissd
methecrylate it was ansiden=sd desirable to use an
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since they s=t umifomily with little shrirkace.

b With Kikote 812 - an ooy r=sin; Hakote 812
Foon 812 ad it can be dotained fron the Sell
Ganical Copay. It was recomerdsd for enbaddirg
Finck (veo) adIuft (1961). It hes a low visaosity
ad paetrates the specimen far more needily then
Araldite. Tt resanbles Araldite in having a small
dimensiaal stnxchmre uder electron borcardrent:,

ad in these respects it is preferable to MeHiaorylate.
It is preferable to Araldite, becase e ssctions
show greater antrast in the electron microsagpe

for enbadtding in Foon 812 are given by Tuift  (1961)
e of prpylere axkide betwaen ddydration ad

24 hoars at €0°C. The corpoent resin mixbre used
was three parts of 'A' to two of 'B' phis acslerabor.
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e Tre micocrotare; The resaolutbion tat can be
cdetermined partly by the perfomance of e
microsaye ad partly by te rabhre of e

In arder to dotain ssctians which were sufficiently
with the mcorosape, a microbare huilt for
modified so that it wauld hnld a glass knife
irsteed of a ste=l knife. A far better astbing
aelr can ke doainad by nesekirg glass tten by
huilding a medenical advace medhanian wiich
Irirgs the specimen a very smll distaxe fooward
It is inpartant et te blodck shuld rot pass
rear te knife an te = stde, o e
block ad knife will be dareged. CGrsegqeEntly,
a further modification t© the adgiral microbare
was mack which irmalved a mecteniam for movirg
the block anay to ae side of tte knife an e
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retumn strdkee. 2 diagram of the modified

microtaore as desiged by Dr. D.G. Scarer ad
luilt by M. F. White, is shoan in Figre 3.

(b) Trimming and mounting the specimen; Epon blocks
are very hard to trim, A chisel was found to be

a convenient tool for trimming a block when the
material was excentric in the block, but it was
easier to turn the block on a lathe if the tissue
was centrally placed in the block until the
diameter was approximately 3 mm. in the region

of the tissue. Final trimming was done with a

razor blade.
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In spite of their hardness to trim
Epikote blocks section well with a good glass

knife.

Methacrylate blocks are easier to trim
than Epikote blocks and even the preliminary
trimming can be done with an Ever Ready razor
blade. Hov/ever, a chisel is safer. It was found
most convenient to trim methacrylate blocks to a
cube of sides 3 mm. approximately and then to
mount the cube on a perspex rod 15 mm. long and
i inchdiameter using a drop of chloroform
(a solvent for perspex) to stick the block onto
the holder. This method of mounting facilitated

orientation of the specimen.

So that the original orientation of the
specimen could be determined the face of the
block was cut so that of the two opposite sides
which were parallel to the cutting edge, one
was shorter than the other, so that the sections

were shaped like a trapezium.

Pinal trimming of the face of the block was
was completed on the microtome using a glass knife.

Sections 1 » thick were cut and examined under a
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Base aaitrast microsaype to determine when
the desinad part of the blodk hed been neadhed.

© Prpxaration of glass knives; Glass knives
ware prepared from strips of wall arsaled
plateglass ggorasdmately 11" wide ad = thick.
Usirg a steel disc glass aitber, a series of
straight soarings were macke 1" geart ak right
agles to the lag ads ad altarrating alaxg

The strip was then Irdken alaxg these scoorirgs
using specially prepared Ve-sheped pliers. With
a little practice a sst of rectagular blodcks
Ie'X 1" X' was do=ired. CGare was tEken ot
to hardle these blodks alag tte part of e
it was there that the knife edpes wvare o e
fomed. These ware macke by scordrg a lire at
Frximately 45° to the filhre aittbing edye,
ad gplyirg, with slight pressure, a vintetot
W' pyrex glass rod to the sooring so tat te
saretimes had a good asttirng e, but more
aoften anly ae was satisfachyy. Examration of
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the ede uxder a hinoaular microsagpe usirng
ad which sxuld be discarded (Rase, D.O., IS;
Seldm, H., 1957).

@ Qillecting admonting the sections; s the
sectas were aik they flaatsd ato a lignd
@0" ettal) surface at the knife edpe.

D pr=vat the ethaxl tridkling asey fraom the
knife edpe a piece of '"Ageplast’ (wateroof
sticky plaster) 4 mn. wicde was stixk an tte glass
knife ggxaxkdimately 4 mn ol the aatbng edge.

BAs e ssctions were axt they formmed a riboon
was dbaut 2mn. layg, filter pgper Inmpragated
with xy/lal was held aoautk 2 an. dbove it uibil
the rilkbn egpadsd.

A fomvar coated grid was then losersd aito



- 115 -

Fonmvar films were peparsd fron a solubion of
palyviryl fommalddsyde Bomar) in chlarofionm
as described in stadard textlodks an Electron
Microsapy @&y, 1961, p.G). Films which
exxrh t we.

left for at least Sminutes t© dry in a cleen

(i) Stainirg tte sectis; The sschas were
aallectsd an a grid in the monmal way ad allosed
to dy. The grid was then floated on the surface
doavards. Immediately after staining te
foroees ad gently flusshing the grid with

A sahwrated agqeoss salubion of urary/l
a=state was ussd as a gaeral stain. | The sschias
were Jeft in the stain for an haar ak roon tarper-
abhmre, in the dark to prevent gotodscoposition.
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B. The Electron Microsagpe»

Most of this wark was dae usirg ae of te
argiral Siarens pattermn "barmmikroskp' (sexrdial rninber 34).
Tt was goeratsd with a beam wltage of 90 kilowalts
Althaxgh ro special tests ware mede, it was believed
that uder qotimm aoxditions a reschution of 30-40 A
was doairned. Gartainly the triple mabre of e
rnclear mendrane was resaolved saretimes™

Tdhrology usirg the AE.I. M. 6.

C. Erhotogragdy.

megnifications aof 1,000 t© 6,000 ad d=welgoed with I.D.2.
sine at least eidght expoaurss, insteed of ae, culd

an two adjacent frares showed et they ccourmed as e
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film was beirg waard aito tte takeyp soonl. Tt was
overcare by arrarging for the film t© ke transpartsd
which aauld be acoomodatad, utk by dispensirg with
the aoilirng of e film an spoals it greatly iInproved
the ea= of adbgasirg, ad it proved urecessary
with this arraggrent to tm=at the films in a vaoam
desicoaitr.

Prints were macke an Kodek Braresko WSG sirgle
weight peper.

D« Galilyation of the electron microsagpe.

A Romvar replica of a diffracton gating
for this prpose. Tt was Inpartant t u=e a r=plica
gatirg in water, since this would darege it The

The gratirg was coated by dippirg it into a
0.51.0" Ramvar solution in chlaoftrm, ad allowirng
of the replica it was badked with a thick film of
nitrocellilose frama salubion in anyl acstate.
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The Fonmwar-nitrocalhilcse film was raroved by
scorirg e Jain to e glass syt with a raaxr
blade. The filmwas then lyeathed acnheavrily. This
mecke it possible t© nn the crer of a razor blade
film cauld then be detaded gently witth tweezers.

The Fomvar-nmitrocalhilose filmwas then flcated
for coatirg grids with fomar films &y, 1961, p.4l).

The nitrocalhilcse badking was ramwoved by
dissalvirg it in anyl acstate.

Bobtogradhs of the Fonmvar replica of e
 Ficatas.

mxh as AR, ad sinee palyrerisation coars uwevenly
traghaat tte blodk, the specimen is lisble to strains
stressss result in palyrerisation darege. Signs

of such darace were ggearent in sare of e
methecrylate-enbedtied material . Rxr eanple tte a1l
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valls ware et back an thamsslves. This was
belisvad to be an artefact casssd by polymerisation,
Haikote 812, ad it was of infreqent coarrance
when partial Iy pre-palyrerisad methacrylate was
wad Avther srirkagpe artefact, whiich may heve
been de to palyrerisation daree, or to differential
shrirkace drring fisation, was the presaoe of
apty scacss insteed of granular Iyalaplasn in e
freqently near tte bt call walls. Material
Gxs betwaen the c=ll wall ad the eclrplast
axtdition of 0.015 g acmse perml. of fxative.

the microvilli were straidght ad arraaged radiallyy.
inst=ed of being uniformly granuilar.
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The electron micrograghs of other wadkers
were vahieble as a asis fir assessing tte stardard
was tte pgper of Mllahaer, Waley ad Ieech (I99),
in which the call ultrastnchre regomsss t©

Rinlished electron micrograghs of root-cgp
calls are fiaw - the meanty of pacple discard tre
rootcgp ad caxxaatrate an the meristam,

However, Mollertaer, Waley ad Ieech (196l1) leve
pdolished a pgper in which they disass the fimcbion
In this pgper electron micrographs of rootcgp aalls
son. In awother pgper by Mollataer the

disarxssed ad the electron microgradhs are anparsble
with the aes irchirdd in this thesis, Hillenbaer 195%)

No pdhlished electron micrograghs of
was utrbrate, becarse canic acid fHxation flloed
by uwraryl acstate staining showed very fiew ribosares
in the oot calls, ad it wauld heve been usefiil
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t© discover whether other wrders leve fouxrd tre

sare paxity of ribosares,
FIGURE 24. RIBOSOMES IN THE ROOT-CAP. X55,000.
FIXATION AFTER CAULFIELD. STAINED WITH UPANYL ACETATE.

> "

It is possible that extraction of ENA ar prob=in

Cr it may be tme et roobt-op c=lls b antain

mey be the case was fourd by aarparison of rootcegp
aalls which hed been ddydrated by e rmpid
stpy-step method with those which hed been ttrach
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extraction ae might expect to heve greater
stepby-st=p method, ad haxe fewer ribosores.

of tte sare root sowad a arsiderably higer
Eably ot coanrring to ay great edeat. It saas
wlikely that extraction wauld be specific for ay
ae gpe of root aall.

Becarse pddlished grotogradsof root-ap aalls
shuld also be stidied ad carparisoas mace betweaen
fisation was r=asaeble Figmes 5 ad X)), ad it
was assured that this being so in root meristan calls,
it was prdeebly also tne fir roobtcgp c=lls.



FIGURE 25 — 23— X10,000

Qs.)dp
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fised with KMO" ad enbedded inmettecrylatee
Taken with M. 6.



FIGURE 26 X7,500
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Meristaratic calls ﬁ:aimﬂlﬂtﬁ"ade&:eihi
in methecrylate
']Hmmﬂlma
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Fertailar work was the spesd of parstyation,
becase it was raquinad that movarent of el agarelles
shuld rot coouar exspt as a result of the action

In arder o discover whether detect=able move-
ment of agarelles coorred drrirng fisation, mooks
which hed been haorizotal for sufficiently lag for
the starch grains t© haeve doggeed to ae side of
te c=ll (20 minubss) were puk in 29 MO, maintaining
in tte fisative, then they ware Immediatsly trmed
doaut their lag axis traxdh 180" ad left fior
30 mirubss. After this time they ware edbeddsd ad
the esperiment. Tt was foud tatk debect=ble
movarent of starch grains hed ot coorred drring
fixation.

A firther epaeriment was macke in which roots
which hed been growing monmal 1y were fised yoside-doan.
Fpeared to be radhmly distributed traghaut te
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cg/oplaan. This was also the cas= when the experimental
@ statbdstical amlysis of this is presented later

in e thesis) , ad that r=distribatbion of mito-
dhadria does rot coar drring fisatbdan

rootcgp calls coarrad at e boadary betwaen the
call wall ad tte gytkplasm. Tt was dos=rved thatk
an electron dense layer coaurrad alaxg this boadary,
aly at the gysically loser sidss of the roobtop
calls, whether they ware fixad with MO ar QO

A aasidcersble amornt of time was spat in

Tt was cheerved in ustimilated cells at the
morghologically (@d gysically) lower exs of te
root-cap cells.  After 20 minstes horizntal stmila-
tion it still o at the maghological ly lower
ark of the cells, hit it also oo alag the
gysically loxenmost sicewalls of the cells.



FIGURE 27 XI12,000

slmrgchﬂc]qga:

t’rep'lsl:mb
'IHe1mthE\d.6.
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A lare ninber of calls was eanired ad the

w=re reasaebly well-fised. Hich resolubion
pichmrss wre tE3en. In sore placss the 1aer was
raesentad as a granilar 1lsyer of varias sizad
perticles ad of varyirg thideess. In a few placss
it ggoearsd more like a darkly stainmirg sirgle ar
of tte oder eall coapoeEnts sufficiently good t©©

FIGURE 28; THE DARK LAYER X 50,000

Pi
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It was diffiailt to Iregire sach smll
dojects as these particles gopearad to be, falling
SO very precisaly ad carpactly into such a position
after anly 20 mirubes harizantal stimilatiay  The
ally plaxsible eplaatias of it ssared t© ke et
either

1. tematerial was very hessyy. Bat if ek
is so, W did the particles mamain alaxg
the mapgdrologically ed wall when tte root
was horizontal?

ar 2. that it was atbxracksd by oder fomoss o

ar 3* it was maberial prodoed by a daged
ar 4. it waes a prodrt of fxation resulting fran
a darged damical awviramet cloese to the wall.

The size of the particles was e sare as te
size of ribosares, hut unlike ribosares the particles
ware dearly ssen in MOMfised material . Uyl
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Figre 29: This ilhstratss the position of e aits
mecke in tte harizontally stimilated rooks ad te
dark lszer in eech.

EXPERIMENT CONTROL
ROOT. TIP ROOT.TI P
STATOCYTE STATOCYTE

aiuuiivimumiulL
mmuiuil

CUT SURFACES OF ROOT.TIP ARE REPRESENTED BY

BLACK SHADING.

----------- CELL WALL WITH NO DARK LAYER.
M1 CELL WALL WITH A DARK LAYER.

PLASTIDS
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The possibility of artefact was realised
when the tangential cut made for orientating the
specimen after it had been horizontal was considered.
No tangential cut was made in the control roots
and this was an obvious mistake in the experimental
method. Perhaps unilateral penetration of fixative
occurred from the cut surfaces and caused the
formation of a dark layer along the walls furthest
from the direction of penetration as shown

diagrammatically in Figure 2.

This would explain why the dark 1line

consistently appeared at the same side of the root-cap

cells as the plastids.

To discover whether the dark layer was an

artefact, the following experiment was designed (see over).

In all three experiments the result expected
on the basis that the dark layer is a fixation
artefact caused by unilateral penetration of the

fixative, was obtained.
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Figre 30: This ilhstrates the eperiment designed

EXPEC TED RESULT

EXPERIMENTAL
IF DARK LAYER IF DARK LAYER

IS AN ARTEFACT IS NOTAN ARTE-

TREATMENT FACT.
ROOT_TIP STATOCYTE STATOC YTE
utuinm mmm
nuummuml
CUT SURFACES ARE WALL WITH NO DARK LAYER.

REPRESENTED BY BLACK /il WALL WITH DARK LAYER.
SHADING. ### PLASTIDS.
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FIGURE 31 X16,000

Bm< ¢

J«S:3!'S



X30,000

KM .
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tedmnigqes. Providirng ttatk the generally acospbad
pattemn for the ultrastnchre of e e2ll is a
tne rmyresentation, e two fisatives Gailfields
buffered camium tetroxkide with aded saocse, ad
23 whuffersd polassiim parmargaate) gse r=asaeble
sufficiently rapid to preevent detectable movarent
paretrate so qidkly.

There was axsiderably Jess palyrerisation
Caegqently the fire stnchre of te calls ad
Preserved when Faikote 812 was wsad.  Methecorylate
enbaddirg was inmproved by tte us= of partially
Pre-palyrerisad methecrylate.

Faikote sectias ssared to suffer less
beam then those aikt fron methacrylate blodks.
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F. The Ultrastnchre of the rootop c=lls.

The dhief cnpaents of e roobkogp c=lls as
they are ssen after parmargarate ad camic acid
Figmes 3, 34, 35 ad 6.

Figre 33; Roobtcocgp cells. MO" x 10,000. Siamas.

/

OPLASMrC.

EITL- WAI-L
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FIGURE 3 4 - 137 - X12,000

Root-cap cell fixed with Osmic acid. EM. 6.



FIIRE 35 XI2pcp
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aextplaamio retiailim ad nclear mendyane, 916
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Figure 36a; x 55,000. OsOA.

‘A

J-i.

Figmre 3d; x 15,000. RKRMO*.

EM.6.

RDRIDN

SME.+s;

«4,



sections esamined at 10 & resclutions, the matrix
a;pearedﬁ:e‘l.yaxoiuﬂ:ﬁmnﬂ.yglalﬂar. Usirg lower
resolution (40-50 A) e matrix gopear=d hormogamaus.
sstance was saen to axtain sare ribosares ad was
mre carsely ad irregularly granular.  The ribosares
were heavily stained with uraryl acstate.

Tt was saretimes saen t© be aatinous with the nclear
mantrare (s=2= Figmre 34) ad ccasiaally antinuaity of
calls throch the plasedesmata.

Tre aedyplasnic r=tiaihium was saretimes hicghly
ancentrated at e ed of the a=ll distal from e
root-tip (Figme 37). At other times it was distribut=d
Hirly uiifomly thraghaat the available o/toplasm,
Fregqently the more perigheral mendranes were more arc
less parallel t© each other ad t© the call wall,

Figr= 3B, Walsy, Millalaesr ad lesch, 1959).
deesrved by BB. Jdniper (@ivate cmmncation) in
rootcgp aalls of Zeamais; fegqeEntly in these cells.
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Figme 37: tlsl:lmﬂata:lce'llmﬁled:plasmcreuaﬂlmat
Exxkimal ed ad plastids at distal ed. x 7,500 Siarens

TC

[ J



FIGURE 38 5. 000

'r*-H

>»>

Endoplasmic reticulum, dictyosomes and
mitochondria in a root-cap cell. Fixed
with KMnO” and embedded in methacrylate,

EM. 6
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as in the cells of the root-cap of Vicia faba,

"the endoplasmic reticul'uin is concentrated to a certain
extent at the proximal end of the cell. This is not
absolute, but it is undoubtedly significant",

(B.B. Juniper, 1963). One profile of endoplasmic
reticulum is always seen to follow back from the region

concentration to the distal end of the cell.

There were numerous mitochondria in every
root-cap cell. The majority of them were circular or
ellipsoid in section, with microvilli which extended
radially from the periphery of the mitochondria
inwards towards the centre. Usually they were less
than half the length of the radius, so they were seldom

continuous across the mitochondria.

The size of the mitochondria in section was
variable, the range being from 0.3 - 0.8 diameter.
This difference was due partly to differences in the
plane of the sections; it was also due to wvariations
in fixation technique. The mean size of KMnO*-fixed
mitochondria was 30 higher than the equivalent value
for O0sO*-fixed material. Whether this was due to

shrinkage during 0S0O4 fixation or epikote embedding,

or to swelling during KMnO”*-fixation was not determined.

of
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Inherent differences in size probably contributed in

part to the differences observed.

Figure 391 X 12,000. KMnO** Siemens microscope.

dctvosome

mitochondria

The ground substance of the mitochondria was
usually similar in electron density and granularity to
the cytoplasmic ground substance when E&TnO* was used
as a fixative. When O0sO” was used, the mitochondrial
matrix was more densely and finely granular than the

cytoplasm of the same material.

hictyosomes were also numerous. There were
usually six or less cisternae in each dictyosome. The
cisternae were up to 1 in diameter and the stack was

up to 1 high. They are illustrated in Figure 34.
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The distribution of mitochondria and dictyosomes
appeared to be random throughout the cytoplasm. An

analysis of this is presented later (page (63 ).

The membrane-bound amyloplasts contain a variable
number of starch grains, which stained variously with
EJVInO*; sometimes they were very electron dense
(Figure 40a), while at others they were almost trans-

parent to electrons.

FIGURE
40a& b

starch

plaslid

Sometimes it was possible to see concentric electron-dense
regions in the larger starch grains in the cells near

the periphery of the root-cap. The amount of staining

of the starch grains by KMnO” could not be regulated;
using exactly the same fixing procedure starch grains

in some roots would be electron dense, while those in

others would be transparent to electrons. The size of

amyloplasts ranged from 1.0 -3.0 across the widest

diameter.
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Figure 41; Amyloplasts x 15,000. KMnO”. Siemens microscope

H)
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Amyloplasts: x 15,000. KtinO® Siemens microscope



Figure 4lb.
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Amyloplasts
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In the high resolution electron micrographs
o
there often appeared to he a very thin (30 A) membrane

around the individual starch grains.

Figure 4 2: x40 000. KMnOA. EM.6. Starch grain.

o

The bounding membrane .of the amyloplast was seen
to be double in some sections, the dimensions and
appearance being similar to that of the membranes of
the endoplasmic reticulum. Frequently there were
internal membranes continuous with the bounding membrane.
These usually ran obliquely to the radius. The internal

membranes had the same dimensions as the bounding.

The nuclear membrane stained in a similar way to
the endoplasmic reticulum and had several pores in it,

(Figure 43).



Figure 43: x 15,000
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o
The pores were 200-400 A in diameter. Sometimes there
were larger discontinuities in the nuclear membrane,
but this was more frequent in the meristem than in the

root-cap cells.

The nucleoplasm had the same granular appearance
as the ground substance of the cytoplasm, whether it
was fixed with KMnO” or OsO*. The nucleoli were distinct
because of their staining properties. They were usually
circular in cross section and sometimes contained
numerous small vacuoles. No membrane could be seen

around the nucleolus.

The plasma membrane was demonstrated as a single

layered structure when EMnO” was used as a fixative.

Vacuoles and lipid bodies occurred abundantly in
the meristem and promeristem cells, but were rare in
root-cap cells. Apart from density of contents the
vacuoles and "lipid" bodies of the meristematic cells
were alike in appearance but the vacuoles were rather
larger than the lipid bodies. Vacuoles were seen in
the outer root-cap cells and lipid bodies were not seen
in the root-cap. Both structures were limited by a

single membrane. (Figures 25 and 26.)
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The cell wall showed little in the way of
structure. It was transparent to electrons, except
occasionally along the region where one would expect
the middle lamella to he. Plasmadesmata interrupted
the wall at frequent intervals. The great majority

of plasmadesmada were confined to the transverse

walls - there were very few on the walls which were
parallel to the long axis of the root. (See Figures, 33,
3D and 44.)

f
A —— %~ A~ f7 i

Figure 44: Root-cap cells showing plasmadesmata across tne
transverse wall,plastids at the distal end of the upper cell
and endoplasmic reticulum at the proximal end of the lower cell

Fixed with KMnO x 10,000. Siemensmicroscope.
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The effect of gravitational stimulus on the

ultrastructure of the root-cap cello

Two types of change in the cell ultrastructure
as a result of gravitational stimulus were looked
for. The first was the redistribution of cell
components following re-orientation of the plant
organ. This would occur if the cell component were
of a different density from the surrounding

cytoplasm.

The second type of change which might be
detectable was modification of the cell ultrastructure
visualised by changes in staining properties or in
granularity. It was expected that if such changes
occurred, it would be a secondary reaction resulting
either directly or indirectly from movement of cell
components, since gravity can act directly only
upon mass causing redistribution of bodies in fluid
of different density: under the influence of
gravity particles of lower density than the surround-
ing protoplasm would rise to the top of the cell
while those of higher density would sediment. This
is the only way whereby the influence of gravity

can be directly made manifest in the cell.
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The only change observed in staining properties
and granularity of the cell following horizontal
stimulation was the one already recorded (page 126)
and later shown to be an artefact. No histochemical
or cytochemical tests were applied to the tissue.
Such tests might well prove very valuable in the
study of the effect of gravity on plant cells
especially now that the localisation of specific
enzyme activity is becoming possible by the combined

use of cytochemical tests and the electron microscope.

Redistribution of cell components.

If the redistribution of any cell component
does trigger off the chain reactions leading to
geotropic curvature, it must occur within the first
minute after re-orientation of the organ since such
a short stimulation time will lead to curvature.
Amyloplasts have been shown to move sufficiently
rapidly. The following experiments were designed
in order to detect whether other cell components

move under the influence of gravity.

@ Methd; Staidht moots of Vicia & 23 an lag
in a mrmmal position, they weare tumed twoxgh 0°
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so that their roots were horizontal, and left for

20 minutes. A tangential out was made so that the
orientation of the roots could he easily determined
(see page 9®) and the roots were immediatly
immersed in the fixative, maintaining the horizontal

orientation.

Photographs were taken of as many complete
cells as possible from each of eleven root-caps

shown below:

Root I ITOT177VIT7 /IIT IXXXT o=l

W AEFEs 4 463547 8 885 D

Since the field for photographing was restricted
by the microscope, it was necessary to take several
photographs to cover each cell. The negatives were
then projected with constant magnification through a
35 mm. photographic enlarger onto typewriting paper
of uniform weight. The uniformity of the ream of
paper used was tested by weighing every tenth sheet.

A composite outline drawing was made with the nucleus

endoplasmic reticulum, mitochondria, dictyosomes and
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amyloplasts drawn in. For each cell the direction

of gravitational stimulus was recorded.

Figure 45: Composite drawing made from electron
micrographs of cells from a root which had been
horizontal for 20 minutes.

Tn adkr to divide exch cell into for sechors
of egnl amea alayg its axis ad alag the axis at

richt agles to the lag axis (.e. in the direction
of the pill of gravity durring stimilation) , eech asll
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dawirg was art alag the cell-wall/cytcplasm
boxrdary. The drawirg was then suspaxdd ak a paint
at its perighery by a pin lnlding a phnb-lire so
of the lag axis of te ook, If the "adkaxt' is
freely susparded in this way ten the phinb-lire
will hissct it into two eactly egnl arsas. Te
was then suspadad freely at its peripgdery so ttatk
division. Ths each alf 'cll* was divided into
two lalves of egrl ama, tte division beirg in e
Tre four sschors ware labelled A B, Cado
systamatically, as sown in Figre e
Each of the four sschars simuld hese been egal
which they rpresanted, t© each of e cders.

The ninbers of plastids, mitodadria ad
dichbosares in eech of the four sschors was conted.

It was decded et sinee seckkrs A, B, CadD
differed in size frm aall to aall, distribabion of
argrelles naresenied as a ninber per sechor wauld
rot be so infonmative as ameasure of cacentration.
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It was thereftre recessary to have ameasure of e
mlatbve sizs of e sachxys, ad an aacorate ad
eech of the sechors an a g tesion alaxce.
reoreaented were of unfoam thidkess, the weight

of e s=cbhor was prpartiaml o the walure of

of tte axwracy of the cder stages in e eperimat,
Frdeehility between 66 ad 85 milli-micron thick.
This gives a pessikility for anly a small emar

alailate ttefregechf eech tpe of agaelle in
each of the sschxs. A firther sst of weighirgs
ai asy, ad tte raminirg part of the sschor was
waigded. Besides this, the weidht of ay lange mass



FIGURE 46 X10,000

% ?
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sschors was raurlEd to r=veal wetter there is,
as supeched, a sigmficantly higher cacentration
wall gposite tte awloplasts (sa= Figre 46).

wae romally distrbated.  The distrnbabdas of e
populatians of ninbers of mitodaodria, dichbosares ad
ramality ad fomilae for transfoming non-ronmal
disttdhutians to mymal aes wae loded i, with e
following results:

Distribution Transformation
No. of mitochondria/sector Not normal A
No. of dictyosomes/sector Not normal Sin"* y where x

is the greatest no
of dictyosomes ob-
served in any one

sector (21)

Amt. of endoplasmic reticulun/sector Not normal None was found
No. of mitochondria/unit vol. of
Normal
cytoplasm
No. of dictyosomes/unit vol. of Normal
cytoplasm
Amt. of endoplasmic reticulum/unit Not normal None was found

vol. of cytoplasm
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Since a suitable formula could not be found to
transform the data for the amount of endoplasmic
reticulum to give a better approximation to a normal
distribution than the original data, the original

data was used.

An analysis of variance was run on the measure-
ments. This led to an estimate of the between-roots
variance, the between-cells-within-roots wvariance,
the between-sectors variance and the root-x sector

interaction. The model for the analysis of wvariance

table is given below.

Source of Variance Degrees of Components
Freedom of Variance
_ 2 4
Between roots (R> ;jl = 10
Between cells within 2 (0-1) = 59 *
roots (C) rsi
Between sectors (S) 8-1 5 3
Root X sector inter- (r-1) (8-1) = 30
action (RS>
Residual 177
Total 279

In this table j5 represents a factor dependent on

the number of cells measured ineach root, r represents

the number of roots, ¢ representsthe number of cells

from which counts were made and s represents the number

of sectors in each cell.
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Figre 48 sow the reaults which are summarissd in
Figmre M

eleven roots, te cer-all mears fir eech oot ad
e zoo ). Tre irdividal sschor mears fir the

Ieast sigmficant differarce (e, fidrial limits) =

Residnl stadbard dasvaatoaon X X t

VT
where n is tte nnber of alls r=corded firom He oot
uder asidaaticnadvere tis 1.8 (e, t &x

85 dagnees of freadom at the 0.06 signficaxe lseal).

arkEr to determire whether there was ay dagree of
cxrelation between mitodadria, dichosares ad
adxplagnic r=tiaihm
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(c) Results of statistical analyses

Analysis of Variance; In making an analysis of
variance the components which had to he taken into
account were those due to the variation between the
eleven roots from which the counts of cell organelles
were taken, variation between the cells within the
roots and the variation between the four sectors into
which each cell was systematically divided. The root
X sector interaction was also taken into consideration.

The results of the analysis are shown below;

FIGURE 48

VARIANCE COMPONENT

Between Roots Between Cells Between Root X Sector
Within Roots Sectors Interaction
P. Signi- P. Signi- P. Signi« P. Signi-

ratio ficance ratio ficance ratio ficance ratio ficance

No. of mito-

2.2 .S. ) .S.
chondria 0 0.05 1.5 0.05 1.65 N.S 1.2 N.S

No. of dictyo-
somes

1.28 N.S. 1.51 0.05 5.09 0.05 1.57 N.S.

Area of sector
occupied by
endoplasmic
reticulum

<1 N.S. 1.36 N.S. 1.80 N.S. 1.75 0.05

No. of mito- 1.43 N.S. 1.55 0.05 <1 N.S. 1l.61 0.05
chondria/unit
vol.cytoplasm

No. of dictyo-
somes/unit vol. <1 N.S. 1.56 N.S. <1 N.S. 1.77 0.01
of cytoplasm

Vol. of unit vd
of cytoplasm 1.13 N.S. 1.21 N.S. <1 N.S. 2.46 0.001
occupied by
endoplasmic

. ratiAulim

N.S. = Not Significant
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Werser a uit vahime of g/toplasn is neferrad
o, tte uiit is egivalent to gogxximately 6 S
reareaanted by 100 mg. of the pgper ussd for mekirng
follonng way;

1.658 micron ware rsresanted in the drawirgs
by 7.1mm (@1/15,000 irch)

1 am. 1.8
0.1 «=r
2.3 ~
r
A rectargular piece of pgper G).4:nc25.5)cm2
weighed 3.713 grars
520.2 ~2 _ o
3.713
52.02 g 100 mg.
3.713
14.01 ar* = 100 mg.
79.62 — 100 mg.
100mg s P.& x5 x105 =5971 x

100 mg. of paper rgxesent 5.97j4d0t oytrplasm

A

A
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Taldmg tte 0.06 leel of signficare, the

variance ratio for the number of mitochondria/in -/
different roots indicated that the number of mito-
chondria in a cell v/as dependent on the root from
which the cell was taken. The other cell organelles

did not show this difference from root to root.

The number of mitochondria and the number of
dictyosomes varied from cell to cell. This wvariation
was probably due to the differences in the level of
the cell from which the section came: a cell-section
cut through the middle of its nucleus would probably
contain less mitochondria and dictyosomes than an
equally large cell-section which did not contain part

of the nucleus.

The number of mitochondria per unit volume of
cytoplasm varied from cell to cell. This variation
might be caused by wvariation in the relative position
of the cell in the root-cap: perhaps more peripheral
cells contain a higher (or lower) concentration of
mitochondria than the central ones. Dictyosomes did

not show any variation in concentration from cell to cell.

Neither the amount nor the "concentration" of
endoplasmic reticulum show significant differences from

root to root and from cell to cell.
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The significant root x sector interactions
are very important* They occur in measurements of
concentration in the cytoplasm of mitochondria and
dictyosomes. They also occur in the measurements
of the amount and the concentration of endoplasmic
reticulum in the cytoplasm. Such interactions
imply considerable variation in sedimentation or
creaming of organelles or in displacement of cytoplasm
from root to root. This interaction indicates the
variability in the material: unilateral distribution
of components observed in one root will not necessarily
occur in the same way in another root. Root XI for
example (see Fag»1BI;18Z) was particularly abnormal
when compared with the other roots. This wvariability
from root to root, and the occurrence of "abnormal"

roots will mask slight movement of cell organelles.

Except for the number of dictyosomes per sectors,
the variance ratios between the sectors are very small
for measurements of the numbers and concentration of
the cell organelles indicating that the differences
between sectors is no larger than might be expected
from the material. Therefore no special difference
in numbers of mitochondria and endoplasmic reticulum

is established between the sectors, nor does the
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Diagram to illustrate the division
of a cell from a horizontally-stimulated
root into four equal sectors A,B,G & D.

b « 0



Figure 47:

Sector

Total no. of A
plastids per B
sector C
D

Total no. of
mitochondria
per sector

(Transformed
means)

Mean no. of
dictyosomes
per sector

(Transformed
means)

Area of sector
occupied by
endoplasmic
reticulum

Mean no. of
mitochondria
per unit volume
of sector

Mean no. of
dictyosomes per
unit wvolume of
sector

"Concentration"
of endoplasmic
reticulum in
cytoplasm

O Qo

o>
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Fiducial
limits.
3
) T
3
- 1
3.2 3.4 3.6 2.7
—r-
30 32 34 3.9
- i l
I 1 T r -1 1
24 2B 32 13.1
6.5 7.0 7.5
0.7
16 8 20 7.0

FIGURE 47;. Diagram illustrating the mean numbers of cell compon-
ents recorded in sectors A,B,C,D, respectively (see Pig. 51)
from 70 cells from 11 roots which had been horizontal for 20 min.

Formula for fiducial limits: Residual Standard Deviation
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retiailum differ sufficiently ragularly fiim ssctor
o sschor to be ansidenad statistically sigmficent.

M tte ctter lad, the varaxe Etio for e
nnber of dicbosares is quite lanpe; te daxe of
saxch a differsnce coaurring between the sechors by
axidait is less tten 5%; this inmdicabtes that there
is a r=al variation between sechrs in the ninber of
dicbosaresit At the 0.06 leel of prdbilityy,
there is a sigmificantly lower nnber of dictyosares
in sscor p  (See Figrxe 4/) tten in eitter secbhor A
a sscoxr E.  Sector C shows ro diffisrernce of
Tre least ninber of dichosares is, as wauld be
pessibly de to displacament by plastids rather tten
o "aEaming'' of dictyosares fram this part of the
suyparted by the dosarce of a sigmificant difference
between sschyrs A ad B, Bit if the dicbosares

are displaced in tte gytrplasm by e movarent of
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the plastids, wy d the mitodxadria rot sowv a
that the dichosares are "'areaming'uder the action
of ganty. Hosser, if ae lodks at the pattems
shoan by the mean vahies for the ninbers of mito-
sschrrs, the trad diidh is significent for e
dicbyosares  is present for mitodadria, alttiaoh
0.06 prhility lssel. Casideration of the meen
statistical differerass atk the 0.05 prdoehi lity lssel
are s=ldon attaired, ad tat were ttere are
fran root to© oot is mather different, the ae an-
differarnces between e sechors is et there are
a similar bdeviar of mitodxadria to that wiich
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the differences observed between sector D and the
other sectors. This conclusion is supported by

the absence of any sign of a tendency for sector D
to contain more or less mitochondria or dictyosomes
per unit volume of cytoplasm. If dictyosomes or
mitochondria were '"creaming" there would be a
difference between the upper and lower sectors in
both number and concentration. The observed
differences in numbers but not concentration imply
mass movement of cytoplasm caused probably by dis-

placement by plastids.

Endoplasmic reticulum: The average amount of endo-

plasmic reticulum in sector D is lower than the

amount in each of the other three sectors on both

a per-sector basis and on a per-unit-volume-of-cytoplasm

basis, but the difference is not large enough to be

regarded as statistically significant. Where

differences in individual roots are significant

there is always less endoplasmic reticulum in sector D.
In these roots with significantly less in sector D,

there is always significantly more in sector 0.
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represents 2 roots showing
CD significantly more endoplasmic

JJ Wiri.yy reticulum in the sector indicated
B C
A D represents 2 roots showing

significantly less endoplasmic
reticulum in the sector indicated

The low amount of endoplasmic reticulum in D can be
explained possibly by displacement by plastids, but
it is difficult to explain the low amount in A in

such a way.

When the amounts of endoplasmic reticulum are
calculated on the basis of the proportion of cytoplasm
occupied by endoplasmic reticulum the picture is not

so clear and fewer roots show significant differences.

represents 2 roots showing
significantly more endoplasmic
reticulum in the sector indicated

B " 5
Bce represents 2 roots showing
Z\I) significantly less endoplasmic
reticulum in the sector indicated
h é

Therei are still more roots vshich show significantly

less endoplasmic reticulum in sectors A and D than in
sectors B and C, but there are more roots which show
significantly less endoplasmic reticulum in sectors B and C

than in sectors A and D.
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The amount of endoplasmic reticulum in the
upper half of the cell was compared with the amount
in the lower half by adding the individual values for
B to those for C, and the values for A to those for B*
An analysis of variance was performed on the results

with the following results

FIGURE 52;

] Sum' of ]
Source of variance d.f. Mean Square F. ratio
Squares

Between roots 50,355 10 5,056 <1 N.s.
Between sectors 15,943 1 15,945 2.23 N.s.
Between cells 71.495 10 7149 271> 100/
within roots ’ ’ )
Root X sector inter#

action 228,803 55 6,955 2.63> 100/1
Residual 224,162 85 2,637
Total 570,759 159
Residual Standard Deviation =*2,657*20 51-55

Root X Sector Interaction

j7149.49 - 2,657.20 > 26.64

The standard error of the
difference between two means V 7,149.49 x 2

70
14.29
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necessary to observe a difference between the mean

values of 1.96 x 14.29 = 28.01.

observed was actually 21.35,

(A + D)

being less than the mean value for

the mean value for

The difference

(B + C).

This difference cannot be regarded as statistically

significant at the 0.05 probability 1level.

11 individual roots,

Of the

three had significantly more endo-

plasmic reticulum in the upper half of the cell as shown

in the table below.

FIGURE 53a:

No. of
Root cells

IT
III
17

w o

VI

VII

VIIC
IX

o ool W

XI

Total 1 70

(A+D)
Lower

477

234
564

195
260

395
608

576
595
54

5657

(B+C)
Upper

1122

587
425
295

291

275
616
516
955
214
555

5551

Mean (A+D)
S

54

58
94

52
65
56
76
72
74

7

54.81

Mean (B+C)
=U

80

97
70

929

65
69
88
59
119
27
107

76.16

Differ-
ence
between
means
U-L

+46

+59
-24
+99

+55
+4
+52
-57
+47
-47
+100

+21.55

Least Signi-
signi- ficance
ficant at
differ- 20/1
ence

59 Less in
(A+D)

72

59

85 Less in
(A+D)

85

72

54

51

51

51

64 Less in
(A+D)

28.01
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Similar analyses were carried out for the proportion of
cytoplasm occupied by endoplasmic reticulum in the two halves,

with the following results :

FIGURE 55b:
Differ- Least Signi-
Root No. of (A+D) (B+0) Mean A+D) Mean(B+C) ence signi- ficance
cells Lower Upper =L =0 between ficant at
means differ- 20/1
U«L ence
I 14 1.381 3.097 0.099 0.221 +0.122  0.103 Less in
11 4 0.615 1.052  0.1538 0.263 +0.1092 0.1900 (AP
III 6 1.287 0.808 0.2146 0.1347 -0.0799 0.1570
17 5 0 0.729 0 0.243 +0.243  0.222 Less in
7 3 0.296 0.543 0.0987 0.181 +0.1023 0.222 (A+D)
71 4 0.602 0.509 0.1505 0.1272 -0.0233 0.1900
711 7 1.027 1.446 0.1467 0.2066 +0.0599 0.145
7111 8 2.077 0.884 0.2596 0.1105 -0.1491 0.137 Less in
(B+C)
IX 8 1.556 2.895 0.1945 0.3619 +0.1674 0.137 Less in
(A+D)
X 8 2.228 0.840 ' 0.2785 0.105 -0.1735 0.137 Less in
(B+C)
XI 5 0.177 2.044 1 0.0554 0.4088 +0.3734 0.1700 Less in
i (A+D)

Total 70 11.246 14.847 : 0.161 0.212 +0.051  0.0958
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Similar analyses were carried out for the proportion
of cytoplasm occupied by endoplasmic reticulum in the
two halves, with results as shown in Figure 53b on

page 174.

The results indicate that there is a certain
amount of displacement by the plastids of the endo-
plasmic reticulum in the root-cap cells. This only
attains significance in three of the eleven roots.
Hov/ever, this difference is consistent and can be
correlated with the orientation of the root: there is
more endoplasmic reticulum in the upper halves of
these three roots. The same tendency occurs in all
but three of the other roots but does not attain

statistical significance#

These results are very interesting in relation
to the observations of Nemec (1900, 1901)) made during
his survey of the statocytes of plants. In material
fixed in chromacetic acid and stained in haematoxylin
he claimed to have seen densely staining protoplasmic
bodies of a lamellate and granular nature. His drawings
illustrating these bodies and their position in the
cell before and after horizontal stimulation show a
remarkable similarity with the groups of parallel

endoplasmic reticulum membranes observed using an
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electron microscope. Nemec suggested that the reaction
sequence leading to curvature is initiated by an inter-
action of statolith starch with the lamellate and
granular protoplasmic bodies which were displaced by

starch during its movement through the cytoplasm.

The results of these electron microscope studies
suggest displacement of the endoplasmic reticulum by
the movement of the plastids as do the results of N”mec.
It seems quite likely that N”mec*s protoplasmic bodies
were no artefacts, but were masses of endoplasmic
reticulum. Professor Molilenhauer has observed large
whirled masses of endoplasmic reticulum in root-cap
cells and he believes them to be fixation artefacts.
These wherls of endoplasmic reticulum, in contrast to
the parallel membranes observed here, occur mainly in
the peripheral cells of the root-cap and bear no special
relation to the orientation of the root with respect
to gravity. They are probably not comparable with
the endoplasmic reticulum measured in this work. The
regularity of the membranes and their continuity

suggests that they are not fixation artefact.

The mean value for the concentration of endoplasmic
reticulum is higher in the upper halves of four of the

roots than in the lower halves. It is lower in the
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upper halves than the lower halves in two roots,
both of wvihich also had less (but not significantly so)
endoplasmic reticulum in the upper halves on a
quantitative basis. This increase in concentration
implies either that the endoplasmic reticulum is
displaced by the plastids to a greater extent than
the cytoplasm containing mitochondria and dictyosomes,
or that some new endoplasmic reticulum develops in
the upper halves of the cells during horizontal
stimulation. N%mec observed the appearance and
disappearance of the lamellate bodies during and after
horizontal treatment, so if lamellate bodies were
parallel masses of endoplasmic reticulum, Nemec*s
observations suggest that endoplasmic reticulum will
form quickly during geotropic stimulation. If this
is so, the formation of endoplasmic reticulum at the
upper side of the cell must reflect a gradient across
the cell - possibly a chemical gradient or a gradient
resulting from a potential difference across the cell -
which leads to unilateral formation of endoplasmic
reticulum.
(ii) Correlation of mitochondria, dictyosomes and
endoplasmic reticulum with each other.
Mitochondria, dictyosomes and endoplasmic reticulum

measurements have been correlated with each other. The
correlation coefficients and significance levels are

given in the table overleaf (page 178).
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The positive correlation between the total
numbers of mitochondria and dictyosomes is a reflection
of the uniform concentration between cells and the
variation in cell size. The positive correlation
between mitochondria and dictyosomes per unit volume
is again a reflection of uniformity of concentration
between cells and the variation observed here is due
to varying thickness of the sections, so that apparent
variation in concentration (i.e. mitochondria and
dictyosomes increasing or decreasing together) is
merely a reflection of variations in section thickness.
If this is so, it is possible to calculate the
approximate variation in section thickness from the
variation in the numbers of mitochondria and dictyosomes.
The mitochondria vary in number from 536 to 8.45 per
unit volume of cytoplasm. The variation about the
median value is 6.90-1.54, i.e. 22$. A similar
calculation for dictyosomes gives a variation of
3.79'0.1), ie. 199N Taking the variation in mito-
chondria and dictyosomes as representing the wvariation
in section thickness one gets a larger variation than
was suggested earlier in the text (page 158) wviz. 75-10 m*
i.e. 13%, but it is still probably not much greater

than the errors involved in projecting, drawing and
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arnxys, te varnatio in secto thidaess introdxoss
a systamatic emor in the measuraments fram oot t
root since e aalls recomded from ae ookt were

tEken fron ae section ar from a fiew aanssaative
sections fron a rikboon of sectians.  The varation in
call thidaess wauld thensfre ot be very great
within ae root, ad wauld rot leed to gr=at differnacss
from =l o aall. Tt wauld however case marked
shauld ot markedly infhence the differencss betwaen
the sechors sinee the four sectors from ae el wauld

sares with edplasmic rstiaihim is a negative ae;
in e yper alf of tte ce=ll is casad by movarent
of tte pamallel exdmplasnic r=Haihmmendyranes ad
ad dichosares which are seldon ssen anagst e
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DIAGRAM ILLUSTRATING THE RESULTS OF THE EXPERIMENTS
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CHAPTER IV

DISCUSSION

At the beginning of this work it was set out to do the
following things:

1. Determine the speed of amyloplast sedimentation and

compare it with the presentation time.

2. Correlate further than had been done previously
the spatial distribution of amyloplasts during
gravitational stimulation under wvarious conditions

with the subsequent geotropic bending reaction.

5. Discover (a) the effect of the movement of starch
through the cytoplasm on the ultrastructure
of the cell and

(b) the direct effect of gravity on the

ultrastructure of the cell.

It was hoped that a combination of these approaches would
elucidate the mechanism of geoperception especially with
respect to the statolith theory. The object of this

discussion is summarised below:

A. to show how far the initial objects of the work

have been achieved

B. to assess the position of the statolith theory in
the light of this

0. to make an appraisal of the alternative theories

D. to suggest how geoperception by statoliths could

trigger off geotropic response

J E. to suggest how geoperception by alternative means
could trigger off geotropic response

E. to suggest lines for further research
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DISCUSSION

The supporters of the statolith theory rely largely
on the wide distribution of statolith cells in those
places vihich are known to be sensitive to gravity. As
shown by Tischler (1905) in roots which are not geotropic
statolith starch is not formed or is formed only in
small amounts; in cases of temporary lack of geotropic
sensitivity the movable starch appears at the same time
as geotropic sensitivity. Conflicting observations
were made by Linsbauer (1907) wdio saw statoliths in
ageotropic roots of Aroids. However, such an observation
does little, if anything, to detract from the statolith
theory since such starch grains may well be a vestige
of a potentiality for geoperception lost during the
course of evolution; maybe one or more of the subsequent
reactions in the chain leading to response has been lost

by these roots.

Experiments involving the elimination of statolith
starch from geoperceptive organs lend support to the
statolith theory but allow no unambiguous conclusions
to be drawn. Complete elimination of ' statolith
starch coincides with the complete disappearance of the
geotropic reaction, while in the case of partial
destarching and the gradual replenishment of the starch
there is a corresponding reduction in and reappearance of

the capacity to react.

The experiments described in this thesis show
further hov; close a correlation there is between
starch-statoliths and geotropic response without actually
proving the starch-statolith theory. It would seem that

the only way of proving the theory would be to remove
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the statolith apparatus without affecting anything else
and this is not possible. Consequently we have to be
content with a multiplicity of correlations, none of

which is absolute.

It has been shown that the presentation time for
roots of Vicia faba at 21-17C is less than one minute.
During this short time the gravitational stimulus has
set in train an irreversible reaction or sequence of
reactions which will inevitably lead to curvature.

An experiment described in this thesis (page 66) shows
that the rate of starch grain movement is sufficiently

high to account for such rapid perception.

If it is assumed that the movement of amyloplasts
through the viscous cytoplasm onto a sensitive contact
area on a lateral wall triggers off the geotropic
response, the rapid movement of amyloplasts in response
to changes in gravitational stimulation fits in well
with the basic laws of geotropism. It has been shown,
for instance, that there is a precise inverse correlation
between the gravitational field (g) at the presentation
time (t). In fact within the limits of experimental
error g x t is constant (Rutter-Pekelharing, 1910).
Since the average distance moved by the starch grain is
a constant determined by linear dimensions of the
sensitive cell and since the terminal sedimentation
value is rapidly reached and is directly proportional to
the value of g applied, then the constancy of g x t is
easily explained assuming that t is equal to the time
for a certain minimum number of starch grains to reach
the sensitive surface and assuming that the cytoplasm is

completely homogeneous.
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Another characteristic of perception is that a
series of successive sub-threshold stimuli can be
summed, and responses are evoked only when the total
exposure time equals the presentation time, provided
that the intervening periods of non-stimuldtion do not
exceed the individual stimulation periods by more than
ten times (Pitting, 1905). This can be explained
using the starch grain theory, for wiien an organ is
turned from the vertical to the horizontal, the starch
grains fall down the formerly lower wall to the lateral
wall wMch is now lov/ermost. If before they reach it
they are halted by the return of the organ to the vertical,
they should remain stationary for a time in that position
until a return to the horizontal starts them falling
again. Since the terminal velocity is rapidly reached,
the distance moved is virtually proportional to the
exposure time, and it follows that strict summation of
the effects of each horizontal exposure would then be

expected (Audus, 1962).

The results of curvature measurements made during
rotation following horizontal stimulation of sufficient
duration for the starch to have fallen to the lowermost
walls correspond on the basis of the statolith theory
with the results expected from the observed positions
of the amyloplasts: the unilateral distribution of
starch grains resulting from horizontal stimulation
was followed by curvature during rotation, while the
subsequent redistribution of starch grains caused by
rotation was followed by growth in the direction of the

axis of rotation (Chapter II, D).
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A further experiment involving rotation which
would throw light on the validity of the statolith
theory could he based on the findings of Knight (1806)
who rotated seedlings rapidly enough (150 r.p.m.) to
produce a centrifugal force roughly 5.5 times the force
of gravity. As a result of this the roots of the
seedlings grew outwards from the centre of the wheel
and the shoots towards the centre. If a series of
experiments were to be performed to determine the
minimum speed of rotation necessary to cause such
curvature responses, an interesting correlation could
be made with the minimum speed of rotation necessary
to cause unilateral distribution of starch. It would
also be valuable to repeat some of the experiments of
earlier workers wvdio obtained results which conflict
with the statolith theory, to discover whether the

discrepancy is due to slow fixation or whether it is real.

Further support for the statolith theory is
afforded by the experiments in which the effects of low
temperatures on starch movement and on the direction of
growth were compared (Chapter II, B). Here again the
conclusions to be drawn are not absolute. One can only
say that the close similarity between the reduction in
the amount of starch movement at low temperatures and
the reduced degree of geotropic curvature at low temper-
atures lends support to the theory; it must not be
forgotten that starch movement is the only other factor
that has been measured besides curvature, and that other
factors will be affected by low temperatures which may
lead to the reduction in curvature. In the experiment
the low temperature treatment was confined as far as
possible to the perception process. The plants were

transferred to room temperature immediately after stimulation.
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Horizontal stimulation at room temperature will lead

to curvature even if the stimulation time does not
exceed one minute, indicating that only perception needs
to occur during this period of horizontal stimulation
and that subsequent stages in the reaction chain can
occur after stimulation* If it were these subsequent
stages that were being prevented by low temperature and
not perception, one would expect that once the root was
transferred to room temperat-ure, the perception process
would trigger off the subsequent reactions leading to
curvature. It would seem most probable then that the
reason why the roots do not curve after horizontal
stimulation at temperatures low enough to prevent the
movement of amyloplasts is because such temperatures
are preventing the perception process. We cannot say
for certain though that this perception process is the
movement of the amyloplasts within the cell.

The shortness of the presentation time has been of
use in considering the plausibility of the statolith
theory. It is also an important characteristic to
consider in evaluating any of the other theories which
have been propounded to explain the ability of plant
organs to perceive and respond to the influence of
gravity. It can lead us on to consider the sedimentation
or creaming of particles in the cytoplasm quite apart

from the sedimentation of amyloplasts.

There are many organelles which have at one time
or another been proposed as candidates for the function of
graviperceptor. These range from the nucleus to the
smallest particles such as microsomes. Microscope

observations of the statolith cells show that there is no

obvious movement of the nucleus under the action of gravity,
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so this can be ignored as a possible graviperceptor.

On the other hand, reports of mitochondrial movement
have been made as a result of light microscope
observations in which mitochondria have been recognj,sed
by their ability to reduce colourless tétrazolium salts
to red formazan (Ziegler, 1954). More recent work on
the histochemical localisation of enzyme activities
indicate biochemical heterogeneity of mitochondria
(Novikoff, 1957; Avers, 1961; Sedar and Rosa, 1961).
It is possible that the observations of Ziegler might
have represented localisation of mitochondria with
succinic dehydrogenase activity, while others without
remained undetected, or they might represent localisation
of suitable conditions for the activity of succinic
dehydrogenase. If this is the case, the observations
of Ziegler represent secondary effects of gravity

rather than primary ones.

Knowledge of the presentation time and calculations
based on theoretical grounds can help us in assessing the
validity of Ziegler’s report of the sedimentation of
mitochondria. By using Stokes’s law the approximate
rates of sedimentation of mitochondria and other
organelles have been calculated (Audus, 1962). In
making these calculations a cytoplasmic density of 1.0
and a viscosity of 20 centipoises were taken, corresponding
to a value determined for the stem parenchyma of
Vicia faba seedling by Heilbronn (1914) and based on
actual observations of the rate of fall of amyloplasts.
The table of the results of these calculations is given

overleaf.
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Density Rate of Time

Particle Diameter assumed fall n to travel |to travel

cm. sec" 10 “particle

! 'diameter
Starch A “ .
grain 2 1.5 5.5x10"* 3.0 min 36 sec
Mitochon- . .
drion 0.5~ 1.2 1.4x%10 2 hr 6 min
Ribosome 300 A 1.2 5xlo~a° 23 days 100 min
oil 300 A 0.88 5x10 A~ 38 days 170 min
droplet ) Y
: 0

Protein wA
molecule 50 A 1.35 2.4x10 47 .5days 5 hr

Prom these figures it is possible to calculate the
distance each of these particles would travel during
the presentation time. The presentation time has been
calculated for Vicia faba by three different methods.
These have led to values of approximately 0.3, 0.6 and
1.0 minutes. The estimation of the distance which
particles would move in the presentation was made using
the largest estimate (i.e. one minute) of the presentation

time.

Organelle Distance which organelle would move
in one minute

Starch grain

Mitochondrion 8. lb X 10
Ribosome 3 Angstrom

o
0il droplet 1.8 A*strom

Protein molecule 1.44 Angstrom



- 193 -

Prom this one can conclude that if any degree
of accumulation of particles on one side of the cell
is required for triggering off the geotropic reaction,
then falling starch grains could account for even
the shortest presentation time, even allowing that
the density of cytoplasm may he appreciably greater
than 1.0, which seems unlikely since the observed
rate of starch sedimentation is as fast or faster
than the calculated rate. None of the other particles
moves sufficiently quickly to account for the short
presentation time if, as suggested is implied by the
results of the rotation experiments on page 79»
accumulation of some of the perceptor particle on one

side of the cell is necessary.

If only a slight particle displacement is
necessary, for example by an amount Jjust necessary to
bring a mitochondrion into contact with some internal
membrane, then, since the particle could move through
8.4 X 10" ~ (according to these calculations) during
the presentation time it is just conceivable that the

movement of mitochondria could lead to geoperception.

The calculated rates of sedimentation of particles
of microsomal dimensions are so small as to make these
particles extremely unlikely graviperceptors. In fact,
the tendency for such particles to settle under the
influence of gravity would be opposed by theimal
agitation and by particle flux caused by diffusion due
to the concentration gradient set up by the sedimentation,
so that sedimentation would be even slower than calculated

here.



- 194 -

In contrast with the theoretical considerations
of Professor L.J. Audus presented on the previous page,
which lead to the conclusion that amyloplasts and
possibly mitochondria or dictyosomes are the only
particles vhich could move sufficiently quickly to
perceive changes in the gravitational field and cause
response by curvature, Professor H. Hertz (1962, private
communication) has calculated the theoretical particle
size of particles which he believes would move
sufficiently quickly to explain the shortness of the
presentation time and found it to be around lyu-e
Unlike Professor Audus, Professor Hertz believes that
particles of the size of mitochondria would sediment
in about 20 minutes to the lowermost sides of the cells.
The variation in theoretical values arise partly from
the great difference in the assumed viscosity of the
cytoplasm by the two authors. Professor Audus works
on the assumption that the viscosity of cytoplasm is
of the order of 20 centipoises. This assumption is
based on observations of the rate of fall of amyloplasts
in stem parenchyma cells of Vicia faba (Heilbronn, 1914).
Hertz bases his calculations on the assumption that the
viscosity of the cytoplasm is about 10 centipoises.
If one considers Stokes’s law vhich gives the rate of
fall (V) of a small sphere in a viscous fluid by the
equation

vV = 2ga* - dg)
oA where a is the radius

of the sphere, d, and "2 are the densities of the sphere
and the medium respectively, V is the rate at which the
sphere moves under the influence of gravity g, and

is the coefficient of viscosity, it is evident that the

value which Professor Audus estimates for V will be half
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as great as Professor Hertz'’s estimate.

Since this difference only partly accounts for
the discrepancy in the theoretical calculations of
Hertz and Audus, the rest must he due to their estimates

of the densities of the sphere or of the medium.

The shortness of the presentation time leads to
serious criticisms of the recent theory proposed by
Larsen (1959, 1961) involving submicroscopic particles.
He suggests that the graviperceptors behave like hinged
particles of macromolecular dimensions or larger which
swing like pendulums under the influence of gravity,
their final orientation depending partly on the direction
of the gravitational field and partly on the electro-
static fields in the cell and possibly also on the
anisotropy of the cytoplasm. If these pendulums were
mitochondria, their rate of orientation under gravity
would possibly be sufficient to account for the observed
presentation time, but any smaller particles would be
far too slow. It is difficult to visualise a method
for detecting re-ordentation of particles, even with
the aid of an electron-microscope, unless the microvilli
of the mitochondria take up a particular orientation
with respect to the direction of the gravitational field.
Even so, since the microvilli are radially arranged at
frequent intervals around the mitochondria, changes in

orientation would be extremely hard to detect.

In conclusion tlien, it would seem that the only
particles capable of sufficiently fast sedimentation
to cause response to changes in the orientation of a
plant organ are starch grains, mitochondria and dictyosomes.
If any of these is the graviperceptor, how is its

distribution in the cell to be linked to the response?
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Presumably since the mitochondrion is such an important
component of the metabolic system, the unequal
distribution of mitochondria would cause metabolic
gradients laterally across the cell, thus modifying

the cell behaviour. But since it seems doubtful on
theoretical grounds that mitochondria could become
unilaterally distributed during the presentation time,
we must think along other lines. Possibly their contact
with the upper surfaces of cytoplasmic membranes in the
cell leads to the development of physiological gradients
in the cell wMch would lead to response. Or possibly
they lead to the development of potential differences

in the cell as suggested by Hertz. However, it is
difficult to visualise how such randomly situated
effects could possibly be co-ordinated to lead to

unilateral auxin concentration and response by curvature.

If the graviperceptors are metabolically inactive
particles wtiich accumulate on one side of the cell as
the starch grains might be, they could modify the activity
of stationary metabolic units by direct contact, or
lower their effectiveness by competing for their space
and forcing them to some other part of the cell. This
again would give rise to metsb olic gradients in the

perception cell which could lead to curvature.

The movement of one group of particles may
indirectly affect the distribution of others. Particles
may adhere, the heavier carrying the lighter with them
as they sediment. Theoretical considerations cannot
lead us to the answer concerning the truth of this.

The electron microscope probably can. It can also show

us how far the organelles sediment under the direct

action of gravity. Por example, the discrepancies
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arising from theoretical considerations should be

solved by direct observation;

However, even direct observation has failed to
lead to a definite answer: Ziegler, by the use of
tétrazolium salts and the light microscope has clearly
demonstrated unilateral reduction of the tétrazolium
salt and he believes this to be indicative of the uni-
lateral distribution of mitochondria and of their rapid
sedimentation under the influence of gravity. By the
use of the electron microscope on the other hand, I have
been unable to demonstrate anything but a random
distribution of mitochondria in the statolith cells.
Roots which did show differences in the numbers of
mitochondria in the four sectors, had less mitochondria

in the lower sectors.

Dictyosomes are less in number in the lowermost
distal sector than in the two uppermost sectors. It has
been suggested (Mollenhauer, Whaley and Leech, 1961;
Drawert and Mix, 1962 and Sievers, 1963) that dictyosomes
are concerned with cell-wall growth. They appear to
produce large vesicles containing electron-dense
substance. The vesicles appear to pass through the
cytoplasm and through the plasma membrane. There is a
close packing of these bodies between the surface of the
protoplast and the surface of the cell wall. Ultimately
they disappear, the cell wall volume increases and the
protoplast returns to its original smooth contour. If
the higher dictyosome concentration in the upper halves
of the cells of the root-cap is to be considered as an
important part of the geoperception process it is

necessary to use the postulation of Professor Audus (1962)

that the sensitive cells have a radial polarity. This is
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discussed in the introduction (pages 3U"33).

Without such polarity, the co-ordination of the growth
response of the root as a whole would not be possible,
and the cells would be under considerable strains
caused by inequalities in growth of individual cells

in the tissue. Any redistribution of anything inside

a cell cannot of itself lead to differences on the two
sides of the organ. These must be associated with

some kind of radial polarity in the organ such that the
outer sides of the cells are (structurally or biochemr-

ically or both) different from the inner sides of the cell.

The observation that there tends to be more endo-
plasmic reticulum in the upper halves of the root-cap
cells of roots which have been horizontal is interesting
in relation to the remarkable observations of Nemec
(1900, 1901) made during his survey of statocytes in
plants. The densely staining protoplasmic bodies of
lamellate and granular nature which he observed in
horizontal organs at the ends of the cell where starch
grains are normally situated appeared when the starch
grains moved from those walls under gravity and were
pushed out of position by returning starch grains on
placing the organ vertical again. They then slowly
disappeared. It was this interaction of starch statolith
with protoplasm which Nemec regarded as initiating the
reaction sequence leading to curvature. Possibly Nemec'’s
lamellate protoplasmic bodies are analogous to the
aggregation of endoplasmic reticulum which was often

observed opposite the starch grains in horizontal roots.

Mollenhauer (private communication, 1963) has
suggested that the masses of endoplasmic reticulum

observed in stimulated roots are perhaps artefacts of
fixation. He has observed whirls of endoplasmic
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reticulum in outer root-cap cells of maize. These
whirls however are very different from the parallel
membranes observed in the inner root-cap cells and
are probably not comparable. The endoplasmic
reticulum masses recorded in this thesis are regular
unbroken parallel membranes in cells which do not

give other indications of damage by fixation.

The variance ratio for all the roots taken as
a whole indicates that there is no significant
difference between the amount of endoplasmic reticulum
in the four sectors of the root. However, the wvariance
ratio of the endoplasmic reticulum results must be
decreased considerably by the nature of the method
employed: the majority of the endoplasmic reticulum
is around the periphery of the cell. Therefore truly
median sections cut exactly at right angles to the
horizontal plane and along the long axis of the root
would be the only ones which would give truly comparable
results for the measurements between sectors. But such
a measurement probably did not occur among the 70 cells.
One can hope though that the choice of cells was
sufficiently random to eliminate any bias in one
direction or the other, and that inaccuracies in
cutting in the right plane and the inability to detect
a truly median section v/ould mask the true effects of
gravity on cellular organization rather than create
new ones. In view of these considerations it is worth
considering the tendency for there to be less endoplasmic
reticulum in sectors A and D, although the overall
values do not attain statistical significance at the
0.05 probability level.
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Indications that the endoplasmic reticulum is
connected with wall growth in root-tip cells have been
observed by Dr. B.E. Juniper (private communication, 1963).
He has observed a close correlation throughout the
root-cap of the amount of endoplasmic reticulum and
the amount of wall-growth. There is wvirtually no

endoplasmic reticulum in the quiescent centre of the

root-tip of maize. Such endoplasmic reticulum as there
is, is scattered and unorientated in the cell. There is
no wall building there. There is also little endoplasmic

reticulum in the meristematic cells of the root tip of
maize - e.g. 100 * behind the root-cap junction. This
is the site of the most rapid cell division but very
little wall-making as such. Such endoplasmic reticulum
as there is, 1is beginning to be orientated parallel to
the cell walls. The major zones of wall synthesis are
the differentiating cells of the elongating zones of

the root about 3 mm. behind the root cap junction and
the rapidly elongating and maturing cells of the cap
beyond 60 from the cap-junction where division has
ceased. In the cortical cells of the root similar
indications of a connection between endoplasmic reticulum
and active wall synthesis occur. In the cortex thick
walls occur between cell and intercellular space and
thin walls on cell to cell contacts. Multiple sheets
of endoplasmic reticulum are present parallel to the
thick walls and little if any parallel to the tliin.

Such as there is at the thin walls may be at right angles
to the wall. The cap initials of maize have orientated
endoplasmic reticulum parallel to the distal walls,

i.e. those which will be experiencing rapid growth, and
little if any parallel to the cap junction wall which
will not be growing. This is regardless of the

orientation of the root as a whole.
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In the cap cells it seems that the ER can he
re-orientated depending on the orientation of the
whole root. In roots which are grown in a normal
vertical position the ER is concentrated to a certain
extent at the proximal end of the cell. However this

is not absolute, although it is most probably significant

With this suggested direct function of endo-
plasmic reticulum in wall-growth in mind, it is
difficult to use it to correlate redistribution in the
cap-cells as a result of a change in gravitational
stimulation with the growth response resulting from
such a change, since the response is far removed from
the cap cells. One could suggest that endoplasmic
reticulum is the site of synthesis of indole acetic
acid and that the precursor of indole acetic acid, or
the enzymes involved in its conversion to indole acetic
acid is localised on the endoplasmic reticulum
membranes, while either the precursor or the enzymes
(whichever is not on the membranes) is situated in the
cytoplasm of the inner sides of the cell, so that
horizontal stimulation will bring the precursor and the
enzymes for converting the precursor to indole acetic
acid together only in the upper halves of the cells
below the central horizontal axis. Such behaviour
would explain the increase in the amount of auxin
produced in the lower half of the root during
horizontal stimulation. A similar function could be
postulated for the dictyosomes. However, before speculat-
ing further on the significance of the redistribution
of the endoplasmic reticulum and dictyosomes in
relation to gravipercoption it is important to make a

wide survey of starch statocytes in different plants
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and organs to check whether it is a general phenomenon.
It is important also to find an accurate method for
detecting and recording endoplasmic reticulum
distribution which would be more susceptible to

statistical analysis.

Summary of Electron Microscope Observations.

The only modification of cell ultrastructure
observed in horizontally stimulated roots was the
electron-dense layer vdiich was seen at the lowermost
cell-wall/cytoplasm boundaries. This was shown to be

a fixation artefact rather than an effect of gravity.

Besides the increase in the number of plastids at
the lower sides of the cells after horizontal stimulation
vhich has been long since known, slight movement of
dictyosomes has been observed. This movement is towards
the upper side of the cell and may result from displace-
ment of the cytoplasm by plastids. A similar tendency
is observed in the distribution of mitochondria, but
although this attains statistical significance in some
of the roots, the difference between the means of all
the roots is not large enough to be regarded as

statistically significant.

The endoplasmic reticulum shows a tendency to
accumulate in the upper half of the cell, but after
20 minutes of horizontal stimulation this tendency is
not sufficiently general as to be regarded seriously

as an important feature in geoperception.
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CONCLUSIONS

The amyloplast ("starch") statolith theory still
remains unproven, but the evidence in its favour

is strong. The mechanism whereby gravity can affect
plant cells must be either by bringing about dis-
placements or re-orientation of cell components

by virtue of density differences between the moving

component and its environment.

On theoretical grounds nothing smaller than mito-
chondria could change position rapidly enough, even
if the distance moved by the particle sufficient

to lead to geoperception were commensurate with the

size of the moving particle.

On experimental evidence including electron
microscope observations, the starch grains within

the plastids of the geoperceptive cells is still

the strongest candidate for the role of graviperceptor
in the root-tip. Electron microscope studies have
indicated ways in which the sedimentation of amylo-
plasts of root-tip modifies the internal organization

of the sensitive cell.

The geoelectric effect is probably a secondary effect
of gravitational stimulation which may or may not

be an integral part of the reaction sequence leading
to geotropic curvature. Recent experiments

(Hertz, private communication, 1963) indicate that
the geoelectric effect is closely bound to the
transverse movement of auxin and that if there is

no auxin there is no geoelectric effect. The geo-

electric effect is in all probability a metabolic
effect and is almost certainly the indirect result

of graviperception.
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Statolith sedimentation is therefore considered

as the most likely mechanism which triggers off
the sequence of reactions leading to curvature.
This may be by modifying the internal organisation
of the sensitive cell either by changing the
spatial distribution of other cell components or
by changing the biochemical activity of some cell

components or regions.

Changes in mitochondrial distribution resulting
from displacement by the sedimented amyloplasts
are not considered as general enough to be con-

sidered an important part of the reaction sequence.

Dictyosomes are more numerous in the upper halves
of the cells after the roots have been horizontal
for 20 minutes. The difference is small between
upper and lower halves of the cells. It probably
results from displacement of the cytoplasm contain-
ing dictyosomes and mitochondria. There is also

a tendency for there to be more mitochondria in

the upper halves of the cells. These changes are
not regarded as sufficiently large to be considered

as an important part of the perception process.

The endoplasmic reticulum is in general rather
more highly concentrated in the upper halves of
the root-cap cells. The possible function of
endoplasmic reticulum in geotropic response is
considered in relation to the observations of
Nemec (1900, 1901).

Speculations have been entertained concerning the
possible role of the dictyosomes and the endoplasmic

reticulum in inducing the differential production
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or release of a growth substance. Por these,

radial polarity of the roots has been assumed.

The final conclusion is that the results of this
work indicate that it is the movement of the
amyloplasts per se that provide the primary stimulus,
not the associated movement of other organelles or
the direct sedimentation or creaming of those

organelles per se.
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MITOCHONDRIA PER SECTOR

Transformed figures. - (formula used Vx
Root No. of Sector Sector Sector Sector Mean
cells A B 0 D
I 14 3.11 3.04 3.10 3.04 3.07
II 4 3.58 2.85 2.75 3.31 3.12
III 6 3.46 3.55 3.89 3.66 3.64
v 3 3.87 3.51 3.62 3.57 3.64
v 3 3.88 3.51 3.00 2.97 3.34
VI 4 3.54 3.98 3.56 3.64 3.68
VII 7 3.84 2.96 3.94 3.05 3.45
VIII 8 2.75 3.97 3.30 2.91 3.23
IX 8 2.99 3.41 2.84 3.00 3.06
X 8 3.44 3.80 3.08 2.82 3.28
XI 5 3.24 2.72 1.97 2.68 2.65

MEAN 3.32 3.37 3.19 3.09 3.24



Transformed figures

Root

IT

ITI

Iv

Vi

VII

VIII

IX

XI

MEAN

OOLGI BODIES PER SECTOR

Sector

37.

33.

29.

23.

39.

38.

34

31

37.

37

34.

34.

95

02

77

17

88

50

.34

.38

74

.55

04

99
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( formula used

Sin NX

greatest number

where X = 21
observed)
Sector Sector

B G
31.72 28.85
34.20 37.59
36.18 38.87
36.92 42.29
30.43 37.41
43.62 40.85
40.07 38.69
39.74 37.74
28.14 21.62
41.15 31.27
29.15 19.77
35.33 32.64

Sector

33.

37

32

29.

28.

35.

30

33.

28

18.

23.

29.

10

.25

.42

43

53

.49

81

.26

85

16

97

App.

2

Mean

32.

35

34.

32.

34.

39.

35.

35.

28.

32

26.

33

90

.51

31
86

04

63

90

94

.20

53

.23
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Area of Sector occupied by E.R. (mg)

Untransformed figures

Root 1.5.D. Sector Sector Sector Sector Mean
A B C D

I 27.6 27.9 39.0 41.1 6.1 28.6

II 53.7 54.0 35.8 61.0 4.5 38.8

III 43.7 52.7 45.7 24.8 41.3 41.1

v 63.2 0 31.0 67.3 0 24.6

v 63.2 24.3 60.3 4.7 7.7 24.3

VI 53.7 42.5 39.8 29.0 22.5 33.4

VII 40.5 27.3 71.1 16.9 28.9 36.0

VIII 37.8 54.3 30.0 9.5 21.8 28.9

IX 37.8 42 .3 45.6 73.8 29.8 47.8

X 37.8 28.0 8.5 18.3 46.3 25.3

XTI 49.6 0 33.4 73.2 6.8 28.4
MEAR 33.61 39.06 37.10 21.19

Least significant difference (L.S.L.) =

Residual standard deviation
A/T Xt
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Grolgi Bodies per 100 mg of Free Cytoplasm.

Untransformed figures

Root L.S.D Sector Sector Sector Sector Mean
A B C D

I 1.48 4.672 3.421 3.064 3.905 3.766

II 2.80 2.865 4.2091 4.782 4.150 4.022
III 2.28 3.345 3.475 4.586 4.430 3.958
Iv 5.24 1.636 3.492 3.971 3.210 3.077

v 3.24 4.374 2.873 5.191 2.741 3.795

VI 2.80 3.325 4.054 4.552 3.585 3.879
VII 2.10 3.279 3.669 4.267 3.814 3.757
VIII 1.96 3.143 3.740 5.183 4.610 4.169
IX 1.96 4.477 2.965 2.322 3.764 3.382

X 1.96 4.761 5.969 5.072 2.239 4.510

e XI 2.49 5.543 4.457 2.230 4.348 4.144

MEAE 3.971 3.865 3.955 3.763
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Mitochondria per 100 mg Free Cytoplasm

Untransformed figures

Root L.S.D Sector Sector Sector Sector Mean
A B Cc D

I 2.45 5.2131 5.3440 6.2799 6.5197 5.8392

IT 4.59 5.8590 5.3473 4.5980 5.6453 5.3524

III 3.75 8.9122 6.4272 8.6453 9.8280 8.4532

Iv 5.31 7.9333 6.6297 5.8453 7.4927 6.9753

v 5.31 8.1530 5.9657 6.3677 5.0787 6.3913

VI 4.59 6.1528 6.1080 6.5228 6.4018 6.2963

VII 3.48 7.3400 3.7699 8.0051 6.0534 6.2921

VIII 3.24 4.2859 7.9099 7.2399 6.3104 6.4365

IX 3.24 5.2615 6.9865 6.3111 618500 6.3523

X 3.24 7.0949 9.5426 7.4695 6.8640 7.7428

XI 4.13 8.9466 6.2320 3.5758 13.7612 8.1289

MEAN 6.4573 6.4292 6.6142 7.2503



Root

II

III

IV

VI

VII

VIII

IX

XI

MEAN

15.

29.

24.

34.

34.

29.

22.

21.

21.

21.

26.

E.R.

sector

15.

26.

27.

14.

14.

12.

34

19.

17.

17.

115

694

184

006

828

524

.337

222

825

737

212

Untransformed
Segtor Segtor
20.547 25.711
20.106 29.157
16.303 9.477
11.047 32.715
29.575 2.333
13.731 11.702
32.154 7.606
17.097 5.398
26.725 47.294

4.398 16.007
25.692 54.428
19.743 22.291

per 100 mg Free Cytoplasm

Segtor

15.

16.

15.

18.

40.

12.

14.

.322

.586

.265

.476

046

737

925

328

740

009

489

App.

6

Mean

1l6.

19.

17.

10.

12.

13.

17

18.

27.

19.

23.

18.

170

636

557

941

848

827

.255

189

892

742

032

565
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ANALYSIS OP VARIANCE TABLES

Mitochondria fusing transformed figures)

Source of Variance Sum of Sauares d.f.* Mean Sauare P. Ratio
Between Roots 20.01 10 2.00
Between Sectors 5.41 5 1.14
Cells within Roots 55.70 50 .01
Root X Sector 24.09 50 .80 1.2 N.s.
Residual 118.49 177 .67

TOTAL 219.70 279

Adding back non-significant interaction

Between Roots 20.01 10 2.00 2.20 20/1
Between Sectors 5.41 5 1.14 1.65 not sig.
Cells within Roots 55.70 59 .01 1.5 = 20/1
Residual 142.57 207 .69

TOTAL 219.70 279
Residual S.D. * .688765 .8299
S.E. of cells within roots = 9L - .69 24

S.E. between sectors is assumed not to differ significantly from 0

S.E. between roots = 2.00 - 91 o .21

4 X 6.56

* d.f. = degrees of freedom
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ANALYSIS OF VARIANCE TABLES

Golgi bodies

(using transformed figures)

Source of Variance Sum of Squares d.£,* Mean Square
Between
Roots 2,691.32 10 269.15
Between
Sectors 1,290.67 3 450.22
Cells within roots 12,442.32 59 210.89
Root X Sector 5,423.34 30 180.78
Residual 25,413.24 177 152.28
TOTAL 45,260.89 279
Adding back non-significant interaction
Roots 2,691.32 10 269.15
Sectors 1,290.67 3 450.22
Cells within Roots 12,442.32 59 210.89
Residual 28,836.58 207 159.51
TOTAL 45 ,260.89 279
Residual S.D. = 139.31 = 11.80
Cells within roots S.E. = 210.89 - 139.31 = 4.25
4
S.E. between sectors = 450.22 - 159.51 = 2.04
11 X 6.56

S.E. between

* d.f. =

degrees of freedom.

App. 8

P. Ratio

1.57 N.s.

1.28 N.s.
5.09 20/1

1.51 = 20/1

roots is assumed not to differ significantly from O.
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ANALYSIS OF VARIANCE TABLES

Area of Sector occupied by E.R.

Source of Variance Sum of Squares d.£f.* Mean Square P. Ratio
Between Roots 15,177.78 10 1,517.78
Between Sectors 15,524.49 5 4,508.16
Cells within roots 114 ,401.71 59 1,959.01 1.56 N.S.
Root X Sector 75,276.15 50 2,509.21 1.75 20/1
Residual 255,187.56 177 1,450.44

TOTAL 471,567.49 279

Adding back non--significant term

Between Roots 15,177.78 10 1,517.78 1 not sig.
Between Sectors 15,524.49 5 4 ,508.16 1.80 not sig.
Root X Sector 75,276,15 50 2,509.21 1.61 20/1
Residual 567,589.07 256 1,557.58

TOTAL 471 p67.49 279
Residual S.D. = 1,557.58 = 5947
Root X Sector Interaction S.E. = 2,509.21 - 1,557.58 = 12,25

6.56

S.E. between sectors is assumed not to differ significantly from O.
S.E. between roots is assumed not to differ significantly from O.

* d.f. = degrees of freedom.



ANALYSIS OF VARIANCE TABLES

Golgi bodies per 100 mg free cytoplasm

Source of Variance

Between Roots

Between Sectors

Cells within roots

Root X Sector

Residual

TOTAL

Adding back non-significant

Between Roots

Between Sectors

Root X Sector

Residual

TOTAL

Residual S.D.

_ 216 -

Sum of Squares

54.15
1.95
291.95
195.67

644 .50

1166.18

54.15

193.67

936.44

1166.18

5.9679

Root X Sector interaction S.E.

term

d.f.

10

5

59

50

177

279

10

30

236

279

1.99

6.46 - 5.97
6.56

5.

Mean Square

41

.64

.95

.46

.64

.41

.64

.46

.97

.65

App. 10
p. Ratio
1.56 N.S.

1.77 100/1

1 not sig.
1 not sig.

1.63 100/1

S.E. between sectors is assumed not to differ significantly from O.

S.E. between roots is assumed not to differ significantly from O.

* d.f. = degrees of freedom.
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ANALYSIS OP VARIANCE TABLES

Mitochondria per 100 mg free cytoplasm

Source of Variance Sum of Squares d.f.* Mean Square P. Ratio
Between Roots 254.89 10 25.49 1.45 not sig.
Between Sectors 50.95 5 10.51 1 not sig.
Cells within roots 970.68 59 16.45 1.53 20/1
Root X Sector 518.74 50 17.29 1.61 20/1
Residual 1,899.51 177 10.75

TOTAL 5,654.55 279
Residual S.D. 10.7506 5.28
Root X Sector Interaction S.E. = 17.29 - 10.75 = 1.02

6.56
Cells within roots S.E. = 16.45 - 10.75 = 1.20
4

S.E. between sectors is assumed not to differ significantly from 0.
S.E. between roots is assumed not to differ significantly from O.

* d.f. = degrees of freedom.



App. 12

- 218 -
ANALYSIS OP VARIANCE TABLES

E.R. per 100 mg free cytoplasm

Source of Variance Sum of Squares d.f£f.* Mean Square P. Ratio
Between Roots 5,092.02 10 509.20
Between Sectors 2,280.20 5 760.07
Cells within roots 50,749.75 59 521.18 1.21 N.s.
Root x Sector 51,719.61 50 1057.52 2.46 1000/1
Residual 75,965.68 177 429.18

TOTAL 145,807.24 279

Adding back non-significant term

Between Roots 5,092.02 10 509.20 1.13 N.S.
Between Sectors 2,280.20 5 760.07 1 not sig.
Root X Sector 51,719.61 50 1057.52 2.34 1000/1
Residual 106,715.42 256 452.18

TOTAL 145 ,807.24 279
Residual S.D. = 452.1840 = 21.26
S.E. Root x Sector Interaction = 1057.52 - 452.18 = 9.75

6.56

S.E. between sectors is assumed not to differ significantly from O
S.E. between roots is assumed not to differ significantly from O.

* d.f. = degrees of freedom.
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